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-  ABSTRACT  - 


The  report  sujnmarixea  the  work  performed  under  ARPA  contract  No: 

[N0N-4596(00)]  during  the  period  December  1,  1964  to  May  31, 

1965. 

The  effectiveness  of  various  electronegative  gases  (O2,  CO2 ,  NO,  SFe , 
HsO),  as  a  means  of  reducing  the  ionization  in  plasma  flow  fields  (nitrogen 
plasma)  are  experimentally  investigated  and  compared.  In  the  thermal 
condition  prevailing  (T^  ~  1G^  °K),  SPe  and  water  vapour  are  found  to  be 
the  ocst  effective  in  quenching  the  plasma.  Electrostatic  probe,  optical 
emission  spectroscopy,  thermocouple  and  NO  titration  techniques  are  employed 
to  monitor  the  plasma  properties.  The  complex  nature  oJ"  the  short  duration 
"pink"  afterglow  in  nitrogen  is  studied  in  some  detail  both  in  flowing  and 
non-flowing  systems  in  order  to  ascertain  more  quantitatively  the  effect¬ 
iveness  of  the  different  "quenching”  gases.  The  effects  of  gas  pressure, 
wall  condition  and  gas  purity  on  the  afterglow  behaviour  are  closely 
examined  in  view  of  the  repro^uotbilil^  of  measurements.  A  theoretical 
study  of  the  limitations  and  applicability  of  electrostatic  probe  methods 
to  plasmas  containing  negative  ions  is  made  and  computations  of  characteristics 
are  presented.  Results  of  measurements  of  the  flow  velocity  by  different 
techniques  are  compared  and  the  importance  of  em  accurate  determination  of 
plasma  flow  field  velocity  is  discussed. 
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ELECTROCHEMICAL  HtOPSRTIES  OF  SEEPED  PLASMA  FLOW-FIELDS  II 


I  INTRODUCTION 


The  purpose  of  the  present  program  is  to  investigate  the  effect¬ 
iveness  of  the  electron  attachment  process  as  a  means  of  reducing  the 
ionization  in  plasma  flow  fields.  In  earlier  investigations  (Carswell  & 
Cloutier,  Cloutier  &  Carswell, 1963;  Carswell  &  Richard,  196l«.)  it 

was  found  that  large  reductions  in  the  ionization  of  argon  plasmas  could 
be  obtained  with  sulfur  hexafluoride  seeding.  I|&  this  report  a  summary 
is  given  of  the  results  obtained  with  seeding  of  nitrogen  plasma  flow 
systems  with  a  variety  of  electronegative  (electron  attaching)  gases.  The 
seed  gases  used  were:  NO,  COt,  Cc,  SF«  and  HtO,  and  in  all  oases  these  were 
introduced  into  the  afterglow  of  a  pure  nitrogen  discharge  flowing  at  a 
velocity  in  range  from  2x10^on/seo  to  lO^cav/see  and  at  pressures  of  the 
order  of  3  Torr. 

It  has  been  found  in  these  studies  that  the  eleotroehemical 
properties  of  the  flow  systems  are  very  sensitive  to  changes  in:  gas  pressure^ 
wall  conditions,  gas  purity  and  excitation  power  level,  and  that  reproducible 
quantitative  measiirements  can  only  be  made  if  these  parameters  are  adequately 
controlled  and  measured.  In  order  to  do  this  it  has  been  necessary  to  utilize 
a  number  of  diagnostic  techniques  Including  probes,  and  o|>tioal  emission 
spectroscopy.  In  many  instances  it  has  been  necessary  to  examine  the  limit¬ 
ations  of  the  techniques  themselves  to  ascertain  the  limits  of  their  usefulness 
for  the  study  of  the  complicated  plasma  systems  encountered  in  the  seeded 
afterglows.  The  results  of  several  suwh  investigations  are  included  as 
appendices  to  this  report. 
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In  view  of  its  complexitjy,  the  afterglow  in  pxire  nitrogen  has  been 
studied  in  some  detail  and  results  are  presented  for  both  the  steady  state 
"flowing"  afterglow  systems  and  (non-flowing)  pulsed  afterglows  having 
identical  excitation  conditions.  These  investigations  have  been  centered  on 
the  so-called  "short-duration"  or  "pink"  afterglow  in  nitrogen  which  is  of 
considerable  interest  and  importance  bectyise  of  the  presence  of  '’xtremely 
high  energy  carriers  (~  22ev)  and  an  enhanced  degree  of  ionization  compared 
to  the  normal  long  duration  nitrogen  afterglow. 

The  short  duration  afterglow  is  useful  for  seeding  studies,  since 
it  can  provide  (in  a  region  free  of  external  fields)  plasmas  with  olectron 
densities  two  to  three  orders  of  magnitude  lower  than  in  the  primary  discharge 
and  electron  temperatures  about  one  order  of  magnitude  lower.  Also,  since 
the  maximum  afterglow  ionization  occurs  10-13  milliseconds  after  the  discharge, 
supersonic  velocities  are  not  required  to  achieve  adequate  reparation  of 
the  afterglow  from  the  primary  discharge  in  the  flow  systems. 

A  description  of  the  experimental  arrangement  is  presented  in 
Section  II.  The  results  for  the  pure  Ni  systems  are  given  in  Seotion  III 
with  some  of  the  related  topics  also  being  covered  in  the  appendices.  In 
Seotion  IV,  the  results  of  seeded  Hz  systems  are  given  for  the  various  seed 
ga^.  In  Seotion  V  the  relative  effectiveness  of  the  seed  gases  for  plasma 
quenching  are  discussed  in  terms  of  the  various  electron  attachment  processes 
occurring. 


-  3  - 


II  APPARi^JUS 

) 

As  discussed  In  the  previous  report,  (Carswell  &  Richard,  ^^6k)f 
it  has  been  found  that  the  tube  walla  of  the  flow  system  can  cause  lai’ge, 
and  in  some  oases  unpredictable,  changes  in  the  afterglow  characteristics. 

In  order  to  minimize  the  wall  effects  two  now  flow  systems  have  been  con¬ 
structed.  One  is  a  scaled  up  version  of  the  former  flow  system  using 
a  uniform  tube  of  2.5  ora  i.d. and  for  the  purposes  of  the  present  report 
this  will  be  called  the  "small"  flow  system.  The  second  is  a  much  larger 
flow  system  using  a  free- jet  flow  configuration  in  a  pyrex  tube  6  inches 
i.d.  and  this  will  be  termed  the  "large"  system. 

2.1  Large  Flow  Syateup 

A  anhematic  diagram  of  the  large  flow  system  is  shown  in  Fig.1 . 

The  primary  aim  in  the  apparatus  design  was  to  obtain  a  subsonic  free-jt't 
^  type  of  flow  so  that  the  vacuum  chamber  walls  were  not  in  close  prozimi'ty 

to  the  active  at’terglow  flow  region. 

This  was  achieved  by  flowing  the  nitrogen  through  a  tube  of  diameter 
19  mm  i.d.  idiioh  served  as  the  excitation  section.  (The  1  kw  rf  source 
described  previously  was  used  to  produce  the  discharge.)  From  the  19  nun  tube 
the  afterglow  products  flowed  out  into  the  main  analysis  chamber  which  was 
composed  of  a  7  foot  length  of  pyrex  pipe  having  an  inside  diameter  of  6  inches. 
The  location  of  the  discharge  region  with  respect  to  the  end  of  the  I9  mm  tube 
could  be  varied  by  sliding  the  electrodes  as  described  in  the  previous  report 
(Carswell  &  Richard,  I964). 

All  seediiig  and  analyses  of  the  stream  were  performed  in  the  large 
glass  pipe  where  sufficient  space  was  available  to  allow  seeding  orifices  and 
electrical  probes  to  be  moved  to  any  desired  location  in  the  afterglow  jet. 


5PECTR0GRAPHIC  MEASUREMENTS 


DOUBLE  PROBE  MEASUREMENT 
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With  this  system  a  much  wider  range  of  pressures  and  flow  velocities  are 
attainable  than  in  the  former  systems  since  the  piipping  speed  was  not  limited 
by  the  conductance  of  the  glass  tubing.  Flow  velocities  between  zero  and 
lO"*  cav^sec  have  been  ^.ttainei  with  pressures  ranging  from  about  0,1  to  20  Torr. 

With  the  large  system  it  ie  possible  to  obtain  very  reproducible 
conditions  in  the  afterglow  and  no  problem  was  encountered  in  reproducing  the 
"pink”  glow  from  day  to  day.  Infant,  pink  glow  regions  up  to  7  ft.  in 
length  have  been  produced.  With  the  new  system  it  is  also  possible  to 
produce  streams  which  are  quite  turbulent.  The  turbulence  is  readily  observable 
because  of  the  luminosity  of  the  afterglow  and  this  feature  should  provide  very 
useful  data  on  the  effects  of  turbulence  in  seeded  streams.  No  quantitative 
measurements  have  been  performed  on  the  turbulent  flows  as  yet,  but  very 
definite  visual  effects  are  apparent.  It  has  also  been  noted  that  significant 
heating  of  the  apparatus  is  created  in  the  region  of  turbulence  so  that  the 
turbulence  is  causing  a  marked  change  in  the  energy  release  from  the  after¬ 
glow. 

As  shown  in  Flg.1 ,  the  new  system  includes  an  improved  gas  handling 
system  for  the  seed  gases.  Precision  gauges  and  needle  valves  are  used 
throughout  for  maximum  control  of  the  gas  flow.  Seeding  ratios  as  small  as 
10”^  can  be  measured  with  the  present  system.  (Smaller  values  can  be  obtained 
by  using  mixtures  of  the  seed  gas  with  Nz  in  the  gas  seeding  system.) 

The  apparatus  also  includes  facilities  for  measui'ing  the  spectral 
emission  from  the  afterglow.  A  prism  monochromator  (reciprocal  linear  dis¬ 
persion  ~  30  ^nm)  with  a  range  extending  from  0.i(^  to  3iM  &  grating 
spectrometer  (~  12  ^mm)  are  used  to  provide  a  detailed  spoctrsuL  smr lysis. 

The  radiation  from  the  afterglow  can  be  directed  into  the  spectrometers  via  a 
flexible  optlcad  fibre  system  so  that  by  scanning  the  fibre  along  the  discharge 
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any  portion  of  thd  afterglow  can  hs  examined  without  moving  the  buljqr  speotro- 
meter.  The  scanning  bench  for  the  fibre  is  fitted  with  on  electrical  position 
indiuator  so  that  plots  of  light  output  as  a  function  of  position  can  be 
plotted  directly  on  an  X-Y  recorder. 

2.2  Small  ?lqw  System 

Although  the  large  tube  provides  afterglow  plasmas  with  very  small 
interaction  effects  because  of  the  free- jet  coiif iguration,  this  type  of 
system  suffers  from  the  disadvantage  that  the  directed  velocity  of  the  flow 
is  not  constant  as  it  expands  out  into  the  large  tube.  In  general, the  shape 
of  the  visible  afterglow  iii  the  large  tube  is  determined  by  the  relative 
magnitudes  of  the  directed  flow  velocity  down  the  tube  and  the  radial 
diffusion  velocity. 

In  order  to  provide  a  flow  facility  which  did  not  have  these  defects, 
the  "small”  system  shown  in  Fig. 2  was  constructed.  This  system  consists  of 
a  pyrex  tube  2.5  cm  i.d.  and  about  1.8  meters  long.  The  same  1  kw  rf  supply 
was  used  to  excite  the  discharge  in  both  flow  systems.  The  pumping  line  to 
the  vacuum  systems  was  placed  at  right  angles  to  the  downstream  end  of  the 
flow  tube  so  that  electrical  probes  could  be  introduced  into  the^flow  as 
shown  in  Fig. 2.  These  probes  were  inserted  through  0-ring  seals  and  their 
length  was  sufficient  (~  2m)  to  allow  any  point  in  the  flow  tube  to  be 
axamineil.  The  probes  can  be  moved  under  vacuum  while  the  gas  is  flowing  so 
that  probing  of  a  complete  steady-state  flow  is  possible.  This  arrangement 
avoids  the  problems  encountered  previously  using  fivQd  probes  and  a  movable 
rf  source. 

The  seed  gases  could  be  introduced  via  needle  valves  either  upstream 


i 


or  downstream  from  the  main  discharge  as  shown  in  Fig. 2.  The  relative  position 
of  the  downstream  seeding  probe  in  the  afterglow  could  be  varied  by  adjusting 


Scheiaatic  diagrajn  of  the  small  flow  system. 


-  8  - 


either  the  flow  velocity  or  the  rf  excitation  electrodes. 

In  addition  to  the  two  spectrometers  mentioned  above,  optical 
emission  studies  of  the  afterglow  in  the  small  tube  were  made  using  photo¬ 
multipliers  and  a  series  of  Interference  filters  to  select  the  appropriate 
wavelength  range.  The  light  entering  the  photomultiplier-filter  assembly 
passed  through  a  0*5  mm  slit  and  dlaphragma  were  arranged  to  pass  a  beam 
having  an  angle  of  about  4  degrees.  The  photomultiplier  assembly  was 
mounted  on  a  two  m''<ter  long  optioal  bench  with  an  electrioal  position 
indicator  providing  an  output  voltage  proportional  to  the  position  on  the 
bench. 

The  interference  filters  used,  had  a  pass  band  of  approximately  100  ^ 
and  sentre  frequencies  were  chosen  to  correspond  with  several  of  the  most  incense 
molecular  nitrogen  ion  and  neutral  emission  bands,  (e.g.  the  first  negative 
0,0,  0,1  and  0,2  bands  at  3914  4278  ^  and  4709  ^  respectively,  and  the 

first  positive  Ay  =  4  series  at  approximately  5800  t). 
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III  PUaE  NITROGEN  AFTERGLOW  STUDIES 

Although  the  primary  aim  of  the  present  investigation  was  to 
examine  the  proparties  of  seeded  nitrogen  flow  systems  it  waa  necessary  to 
spend  considerable  time  in  the  early  phases  of  the  program  investigating  the 
^  operties  of  the  afterglows  of  pure  nitrogen.  The  studies  were  necessary 
since  all  measurements  of  the  seeded  systems  had  to  b  e  compared  nith  the 
xinseeded  afterglows  to  provide  meaningful  comparisons  of  the  "quenching" 
efficiencies  of  the  particular  seed  gas.  This  meant  that  the  "pure"  Na 
afterglows  had  to  be  reproducible  and  qr  jititatively  controlled  during  the 
measurements • 

Because  of  the  complicated  (and  as  yet  not  fully  understood) 
behaviour  of  the  nitrogen  afterglows  the  above  requirements  could  only  be 
satisfied  when  adequate  knowledge  of  the  short  duration  afterglow  was  obtained. 
Since  only  limited  data  on  the  short  diu:'ation  "pink"  glow  is  available  in  the 
literatiure,  measurements  were  made  to  determine  the  quantitative  values  in  the 
present  apparatus  and  the  spatial  variations  of  the  various  afterglow  parameters 
such  as:  electron  and  ion  densities,  electron,  ion  and  gas  temperatures, 
nitrogen  atom  densities,  etc.  Inadd  tion,  the  studies  of  the  pure  nitrogen 
systems  served  as  a  means  of  assessing  the  several  diagnostic  techniques  in 
plasmas  uncomplicated  by  the  presence  of  electronegative  gases. 

In  this  section,  the  measurements  on  the  afterglows  in  pure  Na  flow 
systems  are  summarized.  In  appendix  A,  some  results  of  afterglow  studies  in 
non-flowing  pulsed  Na  discharges  are  also  given.  The  piJ.secl  discharge  work 
was  undertaken  initially  to  provide  a  cross-check  on  the  velocity  measvirements 
made  in  the  flow  systems.  It  was  hoped  that  by  relating  the  time  history 
display  of  the  pulsed  afterglows  with  the  spatial  variation  observed  in  the  flow¬ 
ing  systems  under  identical  discharge  conditions,  more  accurate  measurements  could 
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be  made  of  the  time  scale  in  the  flow  systems.  For  studies  of  the  seeded 
systems,  this  time  scale  must  be  established  as  acciirately  as  possible  if 
quantitative  rates  of  attachment,  recombination  etc.  sre  to  be  derived. 

This  work  uncovered  a  series  of  phenomena  not  previously  considered 
in  the  literatiire.  The  establishment  of  the  flow  velocity  in  the  afterglow 
region  with  any  degree  of  accuracy  has  been  found  to  be  very  difficul.t 
primarily  because  of  the  rel  '.tively  large  and  irregular  temperature  variations 
involved  in  t>re  flow  systems.  In  Appendix  B  a  separate  discussion  is  given  of 
comparative  measurements  of  the  flow  velocity  using  several  techniques  such  as: 
total  gas  volume  •‘throughput" ,  spatially  separated  photomultipliers,  velocity 
of  sound  measurements  and  pulsed  techniques.  The  results  presented  illustrate 
the  need  for  caution  in  quoting  flow  velocities  and  the  large  possible 
uncertainties  in  the  afterglow  t5jne  scale  which  can  res’jlt  from  the  velocity 
determinations , 

Detailed  double  probe  measurements  of  the  pure  Na  afterglows  were 
undertaken  to  provide  information  on  the  quantitative  spatial  variation  of 
the  charged  particle  densities  and  electron  temperatures.  The  double  probe 
used  for  these  measurements  was  introduced  as  shown  in  Fig, 2.  The  two 
parallel  cylindrical  electrodes  exposed  to  the  plasma  were  0,25  nun  in 
diameter  and  11  mm  in  length  and  were  separated  by  8  mm.  The  rather  large 
electrode  separation  (approx,  6k  electrode  radii)  was  required  to  prevent 
overlap  of  the  two  "sheaths"  over  the  range  of  conditions  dneountered  in  the 
experiment.  With  smaller  separati  'ns  it  was  found  that  apparently  spuriously 
high  values  of  the  electron  temperature  were  recorded  whenever  the  electron 
density  decreased  below  about  10*/co, 

Sample  results  for  two  different  flow  conditions  in  the  small  flow 
system  are  shown  in  Figures  3  and  The  I'esolts  shown  were  taken  from  series 
of  probe  voltage-current  characteristics  scanned  in  the  afterglow  sry  2  centi¬ 
meters,  Fig, 3a  shov/s  the  actual  "saturation"  current  collected  by  the  probe  as 
a  function  of  position  in  an  Nz  afterglow  at  2Torr  flowing  at  3100  cm/sec. 


■X. 


jar 


PROBE  CURRENT  (yUA) 


11  - 


-10  0  10  20  30  40  50  SO  70  80  90  100 

DISTANCE  FROM  DISCHARGE  (CMS) 


ION  DENSITY/(nj/cc) 


-  12 


DISTANCE  rROM  DISCHARGE  (CMS) 


(gOlxMo)  9i 


90 


PURE  NITROGEN 


PRESSURE:  2  TORR 
FLOW  VELOCITY:  3100  cm/sec 


Fig.  3c 

Variation  of  the  electron  temperature 
in  the  afterglow  of  Fig,  3a. 
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Fig.  3d 

Variation  of  the  approximate  probe 
sheath  radius  (rg)  in  the  afterglow 
of  Pig.  5a.  rp  in  the  radius  of  the 
probe  e''.Rctrodes. 
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Fig. 5b  and  3o  show  respectively,  the  variation  in  ion  (and  electron)  density 

and  electron  temperatiu'e  T  computed  from  the  probe  oharaoteristics  according 

to  the  simple  theory  of  Johnson  &  Mai  ter  (1932).  In  the  con^iutation  of  the 

ion  density  in  Fig.  5b,  the  electron  temperature  is  used  instead 

of  the  ion  temperature  er:  oneously  used  in  the  Johnson  &  Mai  ter  paper*  As  a 

rough  indication  of  t’le  probe  interaction  distance,  the  ratio  r  /r  of  the 

s  p 

sheath  radius  r^  to  the  probe  electrode  radius  r^  is  plotted  in  Fig.  5d. 

From  this  plot  it  is  apparent  that  in  the  "dark  space''  upstream  from  the 

pink  glow  the  probe  electrodes  could  be  expected  to  Interact  because  of 

overlapping  of  the  sheaths  (i.e.  r  /r  >  52)  even  with  the  large  electrode 

a  p 

separation. 

A  similar  set  of  results  is  shown  in  Fig.  4  for  an  Na  afterglow  at 
a  pressvire  of  2  Torr  and  a  velocity  of  5700  onv^seo.  The  data  shown  in  Figures 
5  and  4  Illustrate  the  good  spatial  resolution  and  reproducibility  obtainable 
with  the  probe  measurements  over  an  ion  density  range  of  about  five  orders  of 
magnitude.  However,  the  absolute  accuracy  of  the  values  obtained  is  difficult 
to  establish  because  of  the  limitations  of  the  theory  used  in  the  reduction 
of  the  oharaoteristics  (e.g.  assumption  of  no  collisions  and  of  constant  ion 
current  collection  etc.).  An  effort  to  improve  the  quantitative  accuracy  of 
the  probe  maasva'ements  by  a  more  rigorous  analysis  has  been  made  and  this  is 
described  in  detail  in  Appendix  C.  In  both  Figures  3  and  4,  the  probe 
measurements  show  the  presence  of  two  maxima  in  the  afterglow  ionisation  with 
the  peaks  being  more  clearly  separated  in  Fig*3  than  in  Fig.4*  In  both  oases, 
the  first  maximum  occurs  at  a  distance  corresponding  to  a  time  of  {q>proximately 
10  milliseconds  in  the  afterglow  (measuring  ffom  the  downstream  end  of  the 
discharge  electrode  as  shown  in  Fig. 2).  The  second  maximum  occurs  about 
18  msec  after  the  discharge.  The  peak  positions  and  their  relative  intensities 
with  respect  to  each  other  and  the  main  disoh  xge  have  been  found  to  be  very 


I 


--  16  « 


DISTANCE  FROM  DISCHARGE  (CMS) 


ION  DENSITY  (nj /cc) 


-STT- 


PURE  NITROGEN 


PRESSURE;  2  TORR 
FLOW  VELOCITY:  3700  cm/sec 


I 

I 

\ 

i 

\ 

»  Fig,  4c 

\  Variation  of  the  electron  temperature 

\.  in  the  afterglow  of  Fig.  4a. 


% 

\ 

\ 


20  30  40  50  60  70  80  90  100 


DISTANCE  FROM  DISCHARGE  (CMS) 


-  19  - 


sensitive  to  the  excitation  power  level,  wall  conditions  and  impurity  level 
in  the  discharge.  (See  Appendix  A  alsa)  The  ion  (and  electron)  density 
variations  shown  in  Figures  3  4  are, however,  typical  of  the  runs  made. 

The  discharge  tlectron  density  was  in  excess  of  10’  /cc  and  the  peak  of  the 
primary  pink  maximum  had  an  electron  density  between  10*  and  1o’°/cc.  The 
secondaiy  peaJ:  was  generally  about  one  ordei'  of  magnitude  loss  than  the 
primary.  In  the  dark  space  bpstream  from  the  pink  region,  the  electron 
density  is  usually  less  than  lO^/oc. 

The  electron  temperature  T  ,  decays  rapidly  from  a  value  of  about 
10*  ‘*K  in  the  primary  discharge  to  about  10*  °K  throughout  the  pink  afterglow 
region.  In  most  cases  no  pronounced  secondary  peaks  in  the  T  curves  were 
observed  although  some  small  peedcs  appear*  to  be  present  in  Pig,  3c  and  4c. 

In  both  Figs.  3o  and  4c,  the  electro--  temperature  is  seen  tc  be  a  maximtun  at 
the  downstream  end  of  the  discharge  with  lower  values  being  recorded  within 
the  discharge  region.  The  visible  "orange"  tail  flame  (Pigs.  3  and  4)  extended 
about  10  cm  from  the  electrodes  and  was  still  being  excited  by  the  discharge 
fields. 

As  a  result  of  the  probe  measurements  in  the  pure  K*  ,  it  has  been 
fotmd  that  the  pink  afterglow  displays  all  of  the  expected  properties  of  a 
plasma  with  electron  and  ion  densities  such  as  those  shown  in  Figures  3  and  4. 
Also,  contrary  to  some  reports,  it  has  been  found  in  the  prosent  study,  that 
the  pink  glow  is  affected  by  a  magnetic  field  of  sufficient  strength.  Since 
the  magnetic  field  effects  could  only  be  expected  to  be  viry  pronounced  If 
the  cyclotron  frequency  exceeds  the  collision  frequency,  previous  investigations 
in  smaller  tubes  at  higher  pressures  would  make  the  magnetic  field  effect  more 
difficult  to  observe. 

In  addition  to  the  probe  studies,  measurements  of  the  pure  Ns  systems 
have  been  made  using  the  optical  emission  from  the  afterglows.  In  Figures  5 


and  6,  sample  results  of  the  axSal  variations  are  shown  :*’or  two  different 
flow  conditions.  These  measurements  were  made  by  scanning  a  photomultiplier, 
with  appropriate  filter,  along  the  flow  tube  as  described  in  Section  2,2. 

The  variation  in  intensity  as  a  function  of  position  was  plotted  direct^'  on 
the  X-Y  recorder.  Fig, 5  shows  a  sample  of  a  flow  exhibiting  two  peaks  ir  the 
afterglow  and  Fig.  6  shows  a  sample  of  a  flow  exhibiting  three  peaks  in  the 
afterg^OTiT.  The  filters  used  were  chosen  to  transmit  the  (0,0)  band  at 
591v  i  of  the  first  Negative  nitrogen  system,  (i.e.  excited  ion  emission) 
and  the  strong  Aw  =  4  band  at  about  5800  ^  of  the  nitrogen  first  Positive 
system  (excited  neutral  Ns  emission).  Simultaneous  probe  measiu'ements  of  the 
afterglow  electron  density  are  also  shown  in  Fig. 6. 

From  such  results  it  was  found  that  the  "structure"  of  the  afterglow 
as  seen  from  the  three  measurables  (1)  Ns^  ion  emission,  (2)  neutral  Ns 
emission  and  (3)  probe  measurements  of  the  electron  and  ion  density,  v/as 
virtually  identical.  It  was  found  in  general  that  tne  peak  positions  an'^ 
relative  heights  corresponded  in  all  three  cases.  Usually  relative  height 
of  the  secondary  maxima  as  seen  with  the  5780  1  filter  appeared  a  little 
lower  than  indicated  by  the  39“^  4  X  and  probe  measurements  indicating  a  slight 
difference  in  the  ratio  of  ions  to  neutrals^  but  this  difference  was  usually 
small  (~  10-25?S)  and  may  not  be  too  significant  in  view  of  the  fact  that  the 
secondary  peaks  in  the  pink  afterglow  are  very  sensitive  to  the  flow  conditions 
(more  so  than  is  the  primary  pink  maximum).  Also,  as  shown  in  Fig. 6,  it  was 
generally  found  that  tlie  peaks  appear  more  clearly  resolved  with  the  probe 
than  with  the  optical  measxirements .  This  appears  to  indicate  that  the  probes 
provide  a  somevdiat  better  spatial  resolution  than  the  photomultipliers  (vhich 
integrate  along  their  line  of  sight).  As  also  shown  in  Figs,  5  and  6,  the  tail 
flame  of  the  discharge  has  a  higher  relative  concentration  of  N2  molecules 
with  respect  to  ions  than  the  pink  region. 
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The  simultaneous  use  of  the  probes  and  optical  emission  illustrated 
in  Figs.  5  and  6  provides  a  rapid  means  for  making  detailed  sti'dies  of  the 
axial  dependence  of  the  afterglow  and  suoh  displays  will  be  iisoussed  fin’ther  in 
•onneotion  with  the  seeding  investigations. 

One  immediately  obvious  property  of  the  pure  N*  afterglow  is  the 
pronounced  heating  of  the  discharge  tube  walls  in  the  region  oi  the  pink 
glow.  In  an  s  ffo-  t  to  measure  the  temperaturt  variation  quantitatively, 
a  thermocouple  was  introduced  into  the  flow  in  place  r'f  the  electrical  pi'obe 
shown  in  Fig. 2.  To  reduce  the  thermal  inertia  of  the  system,  the  metal 
(ironr'oonstantan)  conductors  at  the  hot  junction  were  left  uninsulated  so 
that  recombination  of  the  active  species  could  occur  directly  on  the  metal 
surfaces.  In  this  way,  the  temperature  measured  should  be  higher  (by  the 
amount  of  the  recombination  energy)  than  the  gas  kinetic  temperature  within 
the  discharge  region.  As  a  z'e suit,  suoh  thermocouple  readings  should  provide 
a  measure  of  the  upper  limit  of  the  "temperature"  in  the  flow  system. 

Typical  results  are  shown  in  Figures  7a  and  7b  for  two  different  flow  conditiona 
in  the  small  system.  Although  not  shown  in  the  Figures,  the  measurements  were 
extended  back  to  the  primary  discharge  (d  =  O)  where  temperatures  of  the  order 
of  400°C  were  recorded. 

In  Fig. 7,  the  variation  of  the  3914  X  emission  is  shown  along  with 
th.e  thermocouple  measurements  and  in  both  oases  the  thermocouple  reading  is 
seen  to  exhibit  a  peak  in  the  region  of  the  primary  pink  mazifflum.  (Evidence 
of  a  small  secondary  peak  is  also  seen  in  Fig. 7a;)  At  this  peak  the  temp- 
eratxn*e  recorded  was  of  the  order  of  150°C  (425°K)^  with  the  value  in  the 
minimum  upstream  being  20-23  degrees  lower.  The  relative  positions  of  the 
peaks  in  the  3914  X  emission  and  the  thermocouple  readings  were  difficult 
to  establish  accurately  but  for  pronounced  single  maxima  such  as  shown  in 
Fig. 7b,  the  highest  temperature  was  always  recorded  in  the  region  of  the 


Fig.  7a  Thermocouple  me asui*e merits  of  the  gas  temperature  in  a  typical  Ne  afterglow  (2,1  Torr 
2500cnv^sec) .  The  (0,0)  band  of  N2*  emission  for  the  same  flow  is  shown  for  comparison. 
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Fig.  7b  Thermocouple  measurements  of  the  gas  temperature  in  a  typical  N?  afterglow  (2.8  Torr- 
2850  cav/sec)  having  a  pronounced  single  maximum.  *  ’ 
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upstream  edge  of  the  pink  maxima  i.e.  where  the  rate  of  the  ion  production 
was  most  rapid. 

As  shown  in  Fig. , ^  Jie  temperature  varies  quite  rapidly  in  the  flow 
system  and  as  will  be  discussed  in  detail  in  Appendix  B,  this  has  a  pronounced 
effect  on  the  flow  velocity  in  the  afterglow  region  which  must  be  taken  into 
asoount.  Since  the  gas  is  being  locally  heated  and  coded  as  it  flows  down 
the  tube,  it  is  undergoing  local  expansions  and  contractions  whieh  will 
result  in  accelerations  and  decelerations  of  the  mean  flow  velocity.  Since 
the  temperature  varies  by  more  than  a  factor  of  two  (-  700/3OO)  in  traversing 
the  primary  discharge,  such  effects  can  be  quite  important  in  establishing 
the  positions  of  the  various  afterglow  maxima  in  the  flow  system.  When 
calculating  the  flow  velocities  quoted  in  the  figures,  a  temperature  correspond- 
ing  to  the  average  recorded  in  the  pink  glow  region  was  used  400  K) . 

In  addition  to  the  optical  emission  studies  carried  out  using  the 
interference  filters  as  described  above,  a  more  detailed  spectroscopic 
examination  of  the  optical  emission  was  also  undertaken.  A  quartz  prism 
spectrometer  was  used  for  a  quantitative  examination  of  the  spectral  range 
from  about  0.3m  to  3m  and  a  grating  instrument  was  used  for  higher  resolution 
studies  in  the  visible. 

Sample  spectra  tcken  with  tlie  grating  spectrometer  covering  the 
wavelength  region  from  3500  X  to  6OOO  X  are  shown  in  Pig. 8'.  In  Fig. 8a  and  8b 
spectra  of  the  primary  discharge  in  pure  Ni  are  shown  and  Fig.  8c  shows  a 
spectrum  of  the  pink  afterglow.  In  these  figures  a  slit  width  equivalent  to 
about  1 .5  X  was  used.  G-lass  lenses  were  employed  in  the  ixistruwent  and  a 
photomultiplier  was  used  as  the  detector.  The  relative  line  intensities  shown 
have  not  been  corrected  to  take  this  into  account. 

Because  of  the  method  of  rf  coupling  the  primary  discharge  was  not 
uniform  in  intensity  or  spectral  content.  Between  the  electrodes,  the 
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char&otefistio  nitrogen  "orange”  ooiour  was  emitted  and  the  spectrum  for  this 
is  shown  in  Pig.  8a.  Under  the  electrodes  the  discharge  had  a  very  definite 
blue  colouration  and  the  corresponding  spectra  of  th&s  "blue  source"  region  is 
shown  in  Fig. 8b.  A  comparison  of  8a  and  b  shows  that  the  midsource  region 
emits  strongly  th*  Nt  first  and  second  positive  systems  as  well  as  the  first 
negative  (N**  ion)  system.  The  blue  source  emission  is,  however,  almost 
«*ntlrely  composed  of  first  negative  system  emission.  The  pink  glow  also 
exhibits  swong  Nt*  ion  emxssion  in  the  first  negative  bands  along  with  first 
positive  system  emission.  Sedond  positive  emission  in  the  pink  glow  is 
extremely  weak.  These  results  are  in  agreement  with  prev5-ous  reports  (Beale 
A  Broida,  1959). 

Coo^arison  of  th-  first  negative  bands  in  the  source  (Fig. 8a)  with 
those  in  the  pink  glow  (Fig.8o)  shows  a  pronounced  difference  in  the  intensity 
distribution  of  the  vibraticnal  bands.  4  summary  of  some  of  the  intensity 
variations  taken  ftom  Pig. 8  (a  and  c)  ii  given  in  Table  I.  The  intensities 
have  all  been  normalized  with  respect  to  the  first  negative  (0,0)  banu  equal 
to  unity  in  both  the  source  and  afterglow  spectra  (i.e.  the  relative  intensity 
of  tht  source  and  pink  glow  is  not  apparent  from  the  results  quoted) . 

The  final  oolumn  of  the  table  i:;  most  meaningful,  showing  the  changes 
in  the  relative  band  intensiti  js  (with  respect  to  3914  X  intensity,  between 
the  soiarce  and  the  pink  region.  The  ratio  shown  should  not  depend  markedly 
on  the  detector  response,  glass  absorption  etc.,  since  the  same  insti*ument 
was  used  in  bntb.  cases.  The  1st  Negative  transitions  originating  from  =  0 
show  a  ratio  s  1  which  is  to  be  expected  beoeuae  of  the  normalization,  but 
the  tr''''»itiona  for  =  1>2  aiid  3  show  r  value  of  about  0.6  indicating  that 

the  populations  of  the  higher  vibrational  levels  of  the  N**  ions  in  the  pink 
glow  are  considerably  lower  l^an  in  the  main  discharge.  The  variation  of 
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.76 

.24 
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1.55 

.48 
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Table  I  -  Intensity  Comparison  between  Source  axid  Pink  &low 

Intensities  in  the  various  Istneg  band  systems  of  the  pink  glow  also  show  a  more 
nearly  "thermalized"  distribution  than  in  the  discharge.  The  fact  that 
vibrational  equilibrium  does  not  exist  in  the  disoharge  is  not  too  sxxrprising 
however,  since  in  the  main  discharge  the  ions  are  being  generated  by 
electron  bombardment  in  the  presence  of  intense  rf  fields. 

Table  I  and  Flg*8  also  illustra'*'?  the  relative  decrease  in  emission 
of  the  1st  positive  system  In  the  pink  glow  since  the  corresponding  ratio  is 
only  about  0.3. 


Measurement  of  the  intensity  distribution  in  the  rotational 
structure  of  the  1st  negative  bands  iQIcnrs  a  measurement  of  the  rotational 
temperature  of  the  ions.  The  techniques  whereby  this  is  achieved  are  outlined 
in  Appendix  D  of  this  report.  Results  of  such  rotational  temperature 
measurements  are  shown  in  Fig. 9. 

Fig.9e  shows  a  spectrum  of  the  Av  =  1  series  of  the  N**  ion  with 
a  spectrometer  resolution  such  that  tha  rotational  structure  is  just 
"resolved".  Using  such  spectra, rotational  temper atvire  measurements  were 
made  for  both  the  primary  discharge  and  the  pink  afterglow.  The  (0,0) 
and  (0,1)  bands  at  391A  and  1+27Q  1  were  used  so  that  at  each  location  the 
temperature  was  determined  twice.  Sample  results  are  shown  in  Fig. 9b  for  the 
(0,0)  band  cuid  in  (9e)  for  the  (0,1)  band. using  the  technique  of  plotting 
log  (l/k*)  vs  K'(K'4l)  as  described  in  Appendix  D. 

In  all  oases  a  rather  good  straight-line  plot  was  obtained  so  that 
the  temperature  determination  was  not  difficult.  Measurement3  at  the  two 
bands  generally  produced  temperatures  in  agr  eement  to  within  5''10^*  Under 
typical  operating  conditions  (pressure  s  2Torr)  the  rotational  ion  temperature 
of  the  source  was  found  to  be  1C30  ±  75  and  at  the  pink  glow  maxi mum 
550  t  25  No  attempt  at  a  col!^}rehensive  study  of  the  rotational  temperatures 

as  a  function  of  the  discharge  properties  was  undertaken  because  of  the 
limited  spectrometer  resolution  (~  1  i.)  available.  The  spectrometer  is, 
however,  being  modified  to  increase  the  resolution  by  a  factor  of  three  so 
that  more  accurate  measurements  can  be  made. 

In  general,  however,  it  was  found  that  for  a  given  set  of  flow 
conditions,  the  rotational  temperatures  recorded  both  in  the  discharge  and  the 
pink  glcw  were  higher  (by  about  100°K  in  the  pink  glow  ^d  about  250*^K  in 
the  discharge)  than  those  recorded  with  the  thermocouple. 
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IV  SKEDED  NITROGEN  AETERCLOW  STUDIES 


4.1  Introdu«tlon 

In  the  present  study,  the  attaching  properties  of  several  electro¬ 
negative  gases  have  been  investigated  in  order  to  evaluate  their  auitability 
as  a  seed  gas  for  plasma  quenching. 

Electronegative  gases  have  high  probability  of  forming  negative 
ions  by  elecbron  capture.  There  are  several  mechEmisms  by  which  the 
negative  ions  are  formed  .(McDaniel,  19^4) 

1  •  Radiative  attachment  of  a  free  electron  by  a  neutral  atom;  e  *  A  A  hv . 

2.  Capture  of  a  free  electron  by  an  atom  with  a  third  body  taking  up  the 
excess  energy;  e+A  +  B-^A  +  B+  K.E. 

3.  Dissociative  attachment  by  a  molecule,  the  excess  of  energy  going  into 
dissociation  of  the  molecule;  e+  XT  [XY]  X+Y 

4.  Capture  of  a  free  electron  by  a  molecule,  with  vibrational  excitation  of  the 
molecular  ion  and  its  subsequent  stabilisation  in  collision  with  another 
molecule  (non-dissooiative  attachment); 

e  +  XY  [XY]"*  ; 

[XY]“*  +  A  [XY]”  +  A  +  K.E.  +  P.E. 

The  effect  of  the  formation  of  negative  ions  on  plasma  is  to  replace  the 
highly  mobile  electrons  with  less  mobile  negative  ions  and  thereby  altering 
the  electromagnetic  properties  of  the  plasma.  Most  probably  the  reaction 
proceeds  one  step  further,  leading  to  a  charge  exchange  process  (Carswell  et  al 
1964)  between  positive  ions  and  negative  ions  and  tnus  quenching  the  plasma 
due  to  mutual  neutralisation  . 

The  seeding  technique  depends  on  the  choice  of  a  gas  with  large 
electron  capture  cross  section  corresponding  to  the  capture  process  at  the 
appropriate  thermal  conditions.  Common  electro-negative  gases  with  their 
maximum  captiore  cross  sections  for  attachment  are  listed  below,  (Bachynski  1965). 
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It  must  be  emphasized  thacy  depending  on  the  thermal  oondltions,  dissooiatlve 
attachment  may  not  be  efficient  enough  for  a  good  quenching  of  the  plasma. 

But  other  processes  such  as  three  body  attachment  may  be  important  at  that 
thermal  condition  giving  rise  to  high  attachment  efficiency.  As  will  be 
discussed  below  one  should  also  consider  the  attachment  coefficient  (77) 
which  takes  into  account  the  overall  attachment  probability  irrespective  of 
the  process  involved.  This  attachment  Coefficient  77  is  defined  as  the  number 
of  attachments  per  electron,  per  unit  length,  which  is  dimensionally  equivalent 
to  a,  the  ionization  coefficient  (i.e.  number  of  ion  pairs  produced  per  electron 
per  cm).  Thus,  r;  is  the  probability  that  an  electron  in  passing  vmlt  length 
Trill  attach  to  a  gas  molecule  either  by  a  dissociative  process  or  non-dissociative 
process. 

In  the  present  experiments  tho  folloTring  games  have  been  examined  NO, 


C£  f  COf  ,  SFe  f  HfO 
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4*2  No  Seeding  of  Na 

The  seeding  of  NO  into  the  nitrogen  flow  was  originally  undertaken  to 
use  the  well-known  titration  technique  for  determination  of  the  ground  state 
nitrogen  atom  concentration  in  the  afterglow.  While  doing  so,  however,  it 
became  evident  that  NO  had  an  appreciable  quenching  effect  on  the  excited 
speeios  of  the  afterglow. 

In  the  present  section,  a  brief  summary  of  the  titration  measurements 
is  given  and  the  experimentJ.  results  of  NO  quenching  of  the  Ns  afterglow 
are  reported  and  discussed. 

4*2.1  NO  Titration 

The  NO  titration  method  has  been  widely  used  (Kaufman  &  Kelso,  1937; 
Harteek  &  keeves  1938)  in  assessing  the  ground  state  nitrogen  atom  concentration 
of  a  flowing  nitrogen  afterglow.  It  is  based  on  the  fast  reaction  taking 
place  between  the  nitrogen  atom  and  the  NO  molecule  in  idiloh  the  latter  is 
deeomposed.  The  sequence  of  events  is  as  follows.  Firstly,  we  get 

N  +  NO  Nt  +  0  (1) 

If  there  is  an  excess  of  nitrogen  atoms  on  NO  molecules,  some  of  the 
former  will  react  with  the  oxygen  atoms  to  form  NO  molecules  and  eventually 
produce  a  typical  bluish  glow;  N  +  0  +  M  -*  NO*  +  M  NO  +  H  +  hy(p-bands)  (0.) 

Qn  the  other  hand,  if  there  is  an  excess  of  NO  molecules  they  will 
combine  with  the  o^qygen  atoms  and  produce  NOz  molecules  accompanied  by 
a  green  emission. 

NO  +  0  -*  NO*  +  hr  (3) 

The  end  point  of  the  titration  is  defined  by  the  transition  dark  perio'^’, 
which  is  easily  observed  when  neither  of  the  blue  nor  the  green  emission 
corresponding  respectively  to  excesses  of  N  and  NO  are  present.  The  N  atom 
concentration  is  then  calculated  from  the  calibrated  NO  flow. 

The  method  was  used  to  estimate  the  N  atom  concentration  for  several 
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different  •  'trogen  flows  employed  in  these  studies.  In  all  eases,  the 
nitrogen  atom  ooneentration  was  found  to  be  in  the  range  from  O.pxlO”  to 
1x1  o'  ^ /f 

The  experin^ntal  arrangement  shown  in  Fig. 2  was  used  to  oarry  out  the 
titration  and  the  NO  was  seeded  into  the  region  cf  the  dark  spaee  preceding 
the  pink  glow  while  the  colour  transition  region  osed  in  the  titration 
proeedure  was  located  somewhat  (about  40  cm)  downstream  (i.e.  in  the  L-R 
glow  following  the  pink) .  For  the  titration  method  to  be  valid.,  all  of 
the  NO  moleeules  must  react  only  with  ground  state  nitrogen  atoms.  Aeeording 
to  Clark  and  Fairchild  (1963),  who  have  carried  out  photoelectric  absorption 
measurements  of  the  atomic  nitrogen  concentrations  in  a  similar  flowing 
nitrogen  afterglow,  it  appears  that  this  is  the  ease.  Indeed,  they  obtained 
corroborative  results  from  the  absorption  and  the  NO  titration  methods 
assvunlng,  in  the  latter  ease,  complete  disappearance  of  NO  in  reaction  with 
ground  state  nitrogen  atoms. 

However,  there  is  some  question  as  tee Idae.^.afietxiraoy. 
of  the  NO  titration  method  as  it  is  normally  used  even  under  the  assumption 
of  exclusive  N-NO  reaction.  The  difficulties  stem  from  the  following 
considerations . 

Let  us  suppose  that  an  NO  flow  equal  to  the  N-atoms  concentration  is 
being  admitted  to  the  afterglow  in  suoh  a  way  that  the  titration  end  point 
manifestation  should  be  observed.  Because  the  NO  stream  leaving  the  seeding 
probe  cannot  mix  Instcuitaneously  with  the  main  flow,  there  will  be  an  initial 
transition  region  or  boundaary  (the  nature  of  which  will  depend  on  the  specific 
flow  conditions)  between  the  NO  and  the  afterglow.  Across  this  boundary,  the 
NO  conoentratLor.'.  will  vary  from  pure  NO  in  the  "core"  of  the  NO  flow  down 
to  the  equilibrium  value  in  the  afterglow.  While  this  transition  is  occurring, 
NO  molecules  will  react  with  N-atoms  in  the  oononon  layer  and  NO,  being  in 
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great  ezeess  on  the  eore  side  of  this  region,  will  oonhln.^  with  most  of  the 
0-atoas  Just  formed  (eq*3)*  In  faet,  these  two  sueoessive  reactions  are  so 
strong  and  sudden  that  at  seeding  rates  around  the  titration  rate,  the  NO 
Jet  is  easily  ohservahle  as  an  all  green  stream  (NOt)  in  the  present  system. 

This  meehanism  will  deplete  the  NO  molecule  oonoentratlon  with  the 
result  that  on  achievement  of  uniform  mixing,  the  N-atoms  will  be  in  excess. 
These  will  serve  to  sustain,  to  a  certain  degree,  the  L-R  afterglow  or 
eonhine  with  the  free  0-atoms  to  generate  excited  NO  bf  Tdnlet  amission 
cby.  tbS/ireaction  of  equation  (2)l.  The  end  point  titration  will  not  be 
observed  until  the  NO  flow  rate  is  augmented. 

Consequently,  the  vedues  of  the  ground  state  N  atom  concentration 
measured,  will  be  an  upper  limit  to  the  true  concentration.  It  is  difficult 
to  assess  the  possible  magnitude  of  this  error  since  it  will  depend  on  the 
conditions  of  the  flow  mixing  for  each  choice  of  NO  injection  and  flow  system. 
By  proper  design,  it  shoiild  be  possible  to  keep  the  error  small. 

4«2.2  1.0  Quenching  of  Ni  afterglow 

As  mentioned  above,  nitric  oxide  was  not  initially  selected  because 
of  its  electron  removal  capabilities,  but  in  the  course  of  the  NO  titration 
experiments,  its  efficiency  in  destroying  the  intensity  of  the  nitrogen 
afterglow  was  evident  and  it  was  decided  to  cany  ou4  meastirements  of  its 
quenching  ability. 

A  oompiete  assessment  of  the  quenching  properties  of  a  seed  gas  with 
a  view  to  an  explanatory  account  should  include  the  possibility  of  examining 
the  effect  produced  on  each  of  the  species.  The  available  Instrumentation 
allowed  the  observation  of  three  of  the  significant  variables  of  the  afterglow 
namely:  the  first  positive  system  (excited  N|  )  and  the  first  negative  ^stem 
(excited  Ng^)  by  optical  teohnlqhe,  and  the  total  ion  density  tih^ough  the 
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double  floatliig  probe  method.  In  the  following  seeding  experiments,  the  after¬ 
glow  Is  examined  with  Ihd’ 578q£  filter  looking  at  the  dvask  traneltlona  of  Nt*« 
The  3914  ^  filter  monitors  the  Ni*  first  negative  system  while  the  twtal 
ion  eoncentratlon  variation  is  detected  by  the  change  in  the  saturation 
current  flowing  between  the  (20  volt)  biased  double  probe. 

Figure  10a,  b  and  0  shows  the  longitudinal  variation  of  each  of  tbe 
above  parameters  downstream  from  the  dischai'ge  for  different  NO/^a  seeding 
ratios  and  main  flow  conditions  of  3»7  ^orr  pressure  and  2480  on/see  velocily. 
Pig.  11a  and  b  illustrate  the  same  variation  for  the  f jjst  negative  (3914 
and  the  first  positive  (5780  X)  systems  respectively  for  a  wider  range  of 
NO/^t  seeding  ratios  in  the  case  of  main  flow  conditions  of  2.9  Torr  pressure 
and  2190  am/se*  velocity.  All  curves  are  normalized  to  the  pure  nitrogen 
afterglow  case. 

A  first  look  at  the  family  of  ainrves  (Flg.11)  reveals  a  downstream 
shift  of  the  ijitensity  maximum  for  increasing  seeding  ratios  up  to  the 
titration  ratio.  There  is  only  one  exception  to  this  trend,  that  is  for 
the  seeding  ratio  of  the  first  positive  system  (Fig. 11b)  ihere  an  upstream 
shift  was  recorded.  No  particular  meaning  is  attached  to  this  since  it  i*' 
obvious  that  the  idiole  curve  was  displaced  either  sp  riously  or  inddvertantly 
along  the  x-axls  of  the  recorder.  The  downstream  shift  of  the  maximum  could 
be  a  consequence  of  the  pressure  increase  created  by  the  seed  gas  or  could 
be  caused  by  a  true  reduction  of  the  ion  concentration  at  the  upstream,  edge 
of  the  pink  glow. 

At  the  titration  point,  the  pink  glow  maxima  disappear  completely 
and  the  emission  intensities  down  the  tube  are  reduced  to  the  "background** 
level.  For  seeding  ratiwo  increasing  above  the  titration  point,  a  maximum 
develops  near  the  seed  probe  which  gets  smaller  and  closer  te  the  probe  as 
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Pig.  10b  Relative  variation  of  the  emission  intensity  of  the  first  positive  system  (5780  X) 
downstream  along  the  afterglow  for  different  NO/^a  seeding  ratios.  Curves  are  normalised  to 
the  maximum  intensity  obtained  in  the  pink  z*egion  of  the  pure  nitrogen  afterglow,  (p  =  3.7  Torr 
flow  velocity  =  2480  co^  sec) . 
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the  seeding  ratio  Is  Increased.  (Flg»10b,e  and  Fig. 11b).  This  maximum  Is 
net  seen,  however,  In  the  ease  of  the  optical  emission  (Fig. 10a  ^nd  Flg.llu) 
while  It  reaches  consldei'able  height  with  the  double  probe.  The  upstream 
end  of  the  plots  also  presents  some  Interesting  features.  Firstly,  the 
superlmposltlon  of  the  traces  obtained  upstream  from  the  seed  probe  shows 
that  no  appreciable  lack  diffusion  takes  place.  Secondly,  the  dark  space 
Is  not  only  poorly  populated  In  excited  neutral  [N>(B^)]  and  Ionized 
[Ni‘^(B‘)]  nitrogen  molecules,  but  the  total  Ion  concentration  Is  less 
thar.  1^  of  that  existing  at  the  maxi  mum  of  the  pure  nitrogen  pink  afterglow. 
Finally,  at  the  far  left  of  the  figures,  the  steep  Increase  of  the  intensities 
points  out  the  high  concentration  in  the  discharge  tall  flame  (active 
discharge  fields  blown  down  the  tube  by  the  gks  flow)  of  Ihe  three  systems 
Investigated,  mainly  of  the  first  positive  and  the  total  Ion  density. 

Fig. 12  presents  a  plot  of  oompcu^atlve  quenching  produced  on  both 
emitting  systems  (3914  1  and  3780  1)  and  the  total  Ion  concentration  as  a 
function  of  the  seeding  ratio.  The  measuring  probes  were  located  at  the 
maximum  of  the  pure  nitrogen  pink  afterglow.  As  already  evident  In  Fig.  10 
and  11,  the  negative  system  [N»*(B*)]  Is  more  easily  affected  by  NO  seeding 
while  the  first  positive  [N2(b’)]  roughly  follows  the  behaviour  of  the  total 
ion  concentration  measured  by  the  probe.  All  three  curves  exhibit  a  minimum 
at  the  titration  point  followed  by  a  maximum  which  Is  well  developed  in  the 
case  of  the  double  probe.  These  successive  minimum  and  maxi  mom  were  to  be 
expected  from  the  axial  scans  (Fig. 10  and  11)  where  It  is  seen  that  the  > 
upstream  maximum  which  builds  up  at  titration  seeding  ratios  extends  Its  tail 
end  past  the  probing  positions  (Fig. 10c). 

It  Is  also  Interesting  to  comi^rc^  for  a  given  seeding  ratio,  Ihe 
relative  longitudinal  variation  of  the  three  syr^toni  investigated.  This  can 
be  found  in  Fig. 13  where  the  curves  are  shown  for  NO/N*  ratios  of  0,  3*0x1 0"* 
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Fig*  12  ComparatiYe  plot  of*  the  quenching  produced  in  the  three  investigated  systems  by 
nitric  oxide  as  runction  of  IHO/Uz  seeding  ratio*  Curves  are  normalized  at  their  maximum 
(p  =  3*7  Torr,  flow  velocity  =  2480  cnv/sec.) 


-  49  - 


and  4*8>{10“^  (titration)  respectively  in  a,b  and  «.  In  order  to  make  sueh  a 
plot,  the  aurves  were  normalieed  to  the  a&m  value  at  the  maximum.  Except 
for  the  oase  (•),  the  ciurves  in  general  do  net  diverge  by  more  than  10^  of 
the  value  at  the  maximum. 

The  total  ion  current  follows  a  pattern  which  resembles  very  much  that 
of  the  neutral  system  [Na  (B^)].  Relating  this  last  observation  to  similar 
ones  made  in  oorneetion  with  Fig. 10,  11  and  12,  it  would  appear  that  NO 
seeding  has  very  oimilar  quantitative  effects  on  both  the  total  ion  and 
the  excited  neutral  nitrogen  molecule  [Nt(B^)]  concentrations. 

Speett'a  of  the  NO  seeded  Na  afterglow  running  from  3300  1  up  to  about 
6000  1  have  been  recorded,  but  no  additional  strong  lines  other  than  those 
belonging  to  the  pink  nitrogen  afterglow  were  detected  (cf.  Fig. 8). 

4*2.3  Discussion 

A  theory  of  the  excitation  meohanisms  of  the  nitrogen  afterglow 
recently  put  forward  by  Preig  &  Clark  (1963)  seems  to  account  for  the  observed 
features  of  the  short  lived  pink  glow.  It  postulates  the  formation  in  the 
discharge  of  a  metastable  sextet  S,  nitrogen  atom  N(3a  ,  17*2  ev. 

(not  yet  directly  observed)  which  participates  in  the  formation  of  a  loosely 
bound  N4  molecule  sufficiently  energetic  (25*3  ev)  to  produce  all  of  the 
known  delayed  excitations.  The  reaction  would  be  as  follows: 

N(38  *8®)  +  N  +  Nf(x)  N4  (1) 

The  dark  space  prior  to  the  pink  region  would  primarily  contain  ground- 
state  Nt  molecules,  ground-state  and  low-lying  me  testable  nitrogen  atoms, 
excited  nitrogen  molecules  (Nz[^^])  and  N4  molecules. 

From  the  interactions  of  ground-state  N  atoms  and  Nt[A]  molecules  with 
N4  molecules,  all  the  observed  excited  species  can  be  generated. 
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DISTANCE  FROM  DISCHARGE  (CMS) 

C^parat^  plot  of  the  longitudinal  distribution  of  the  three  investigated  systeas  in  the  case 
of  an  NO/N2  seeding  ratio  of  zero  (pure  nitrogen).  Curves  ure  normalized  at  tL:eir  maximum. 

(p  =  3»7  Torr,  flow  veloci-ty  =  2480  cnv/sec) 
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N4  +  N  N*(x)+  N,*(B*)  +  e"  +  N*  (2) 

(lat  neg) 

N4  ♦  N  ^  N*(x)+  N*  (C^)  +  if  +  e“  (5) 

(2nd  pos) 

N4  +  N*(a’)  N»(x)+  Nt(C’)  N  4  N*  (4) 

(2nd  pos) 

N4  +  N*(A^)  N*(x)+  2N  +  N,^(B*)  *  e"  (p) 

(1st  neg) 

N4  +  M(>  1.5  ev)  N*(x)+  N  +  N(3a  ‘S®)  ♦  U  (6) 

(sextet) 

N4  +  e  Nt(x)+  Nt*(B*  )  +  2e"  (7) 

(1st  neg) 


This  theory  seems  also  to  explain  most  of  the  observations  made  in 
eonneetion  with  NO  seeding.  Indeed,  knowing  the  great  Affildi^trk  of  NO  for 
ground-state  nitrogen  atoms,  it  is  obvious  that  reactions  (2)  and  (3)  will 
become  less  and  less  significant  as  the  N  atom  oonoentration  is  depleted. 
Therefore,  an  Increased  quenching  of  the  first  negative  and  the  first 
positive  (by  easoade  from  the  second  positive)  systems  as  well  as  of  the 
total  ion  density  should  take  place  for  increasing  NO  seeding  rates  (Fig. 10 
and  11).  In  .fact,  on  the  basis  of  the  nearly  complete  quenching  of  the  pink 
glow  achieved  with  NO,  one  seems  justified  to  say  ihat  reaotions  (4)  and  (5) 
are  much  less  probable  that  mechanisms  (2)  and  (3)  for  the  actual  oonditlons 
of  operation. 

Some  quenching  of  the  total  ion  densily  may  also  be  attributed  to  the 
electron  attachment  properties  of  NO.  Measurements  by  Bradbury  (1932)  give 
NO  an  attachrjent  probability  of  about  l/l0  that  of  HtO  for  the  conditions 
prevailing  in  tiie  pink  glow  (T  10,000^,  p  *  3,7  Torr,  B/p~  ^*5)*  Tho 
reaction  is  of  the  dissociative  type  and  requires  the  formation  of  thb 
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ooaiplex  (no) a: 

2NO  (N0)f 

(NO) a  +  e“  ^  no"  +  NO 

The  electron  attachoent  contributes  to  the  ion  quenching  in  two  ways. 
Firctiy,  the  electrons  autachihg  to  (Np)a  ere  no  longer  available  for 
reaction  (7)  and  thereby  the  Na^  ion  generation  is  redueed.  Secondly, 
the  NO  negative  ion  eould  undergo  a  chahge  r^Tshange  interaction  with  a 
positive  ion  with  a  larger  cross  section  than  an  eleetron  would  present 
for  reoombihaiidnn  with  the  same  po.^itive  ion.  The  disappearance  of 
mechanism  (7)  due  to  electron  attachment  can  account  for  the  faster  quenching 
of  the  first  negative  (Na*  [B*])  as  observed  in  Pig.12. 

The  max^jiia  found  close  to  the  NO  seeding  orobe  in  the  ease  of  the 
total  ion  and  excited  neutral  Na(3780  ^)  cases  (Fig. 10  and  11)  idiieh  also 
give  rise  to  the  maxima  shown  in  Fig. 12  are  not  easily  explained.  They 
orinoldewith  this  non-uniform  transition  region  created  by  the  streaming 
NO  Jet  before  it  can  intimately  mix  with  the  main  flow.  Well  separated 
yellow,  blue  and  green  emissions  "strata”  are  indeed  observed  in  this  region 
showing  the  presence  of  excited  Na,  NO  and  NOx*  It  is  possible  that  these 
BiMTtmft  ana  the  transition  region  can  be  reduced  considerably  by  using  a 
seeding  probe  design  that  would  permit  a  faster  and  more  effio:*ent  mixing. 
This  points  up  again  the  need  for  a  careful  assessment  of  the  flow  geometry 
when  evaluatirg  the  results  near  the  mixing  region  of  ai^  seed  gas. 

The  ability  of  NO  for  quenching  the  nitrogen  after£d-ow  will  be 
compared  in  section  V  with  that  of  other  seed  gases  after  the  results 
obtained  with  these  have  been  described  in  the  following  sections. 
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O^^gen  was  chosen  as  a  seed  gas  in  the  present  experiments  heeause  of 
the  fact  that  its  attachment  processes  have  been  studied  by  mapy  work^^rs  over 
a  wide  range  of  energy  values  and  are  relatively  well-known. 

Pigme  14(a-a)  shows  sample  longitudinal  variation  of  the  intensity  cf 
excited  ion  (N**)  emission  at  1 3914  X,  the  intensity  of  excited  molecules  of 
emission  at  5780  1  and  tlie  double  probe  saturated  ion  current  for  different 
seeding  ratios.  The  results  show  an  appreciable  quenchliig  effeet. 

Figure  15(a-e)  shows  the  normalized  plot  of  intensity  of  excited  ion 
(391 4), excited  molecules  (5780),  and  double  probe  saturated  ion  current  for 
different  seed  ratios  along  the  length  of  the  tube.  The  curves  are  found 
to  follow  each  other  quite  closely. 

Figiu*e  16  shows  the  decay  of  the  intensily  of  the  maximum  pink  glow 
for  different  seed  ratios  as  measured  by  the  three  techniques. 

From  Figure  16,  the  excited  ion:  intensily  is  seen  to  drop  raore 
rapidly  than  the  double  probe  saturated  ion  current  as  can  be  expected 
because  excited  ion  concentration  is  not  necessarily  the  same  as  the  total 
ion  concentration.  The  excited  neutral  intensity  follows  the  double  probe 
saturated  current  more  closely.  However,  for  a  seed  ratio  of  the  order 
of  1^,  all  curves  approach  zero  indicating  a  complete  quepching  of  the 
plasma  (pink  afterglow). 

Oxygen  shows  a  dissociative  attachment  cross  section  of  ■'  .3x10"**cm* 
at  6.2  ev.  according  to  a  two  body  process  given  by 

3  +  Og  **0  +  0 

But  considering  the  electron  temperature  in  the  pink  glow  (lO^K)  it 
seems  that  the  two  body  attachment  is  not  efficient  enough  for  the  removal 
of  electrons  and  to  account  for  the  quenching.  However,  recent  work  of  Hurst 
&  Bortner  (1958)  and  Char.in  et  al  (1962)  have  shown  a  three  b^dy  process 
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16  Compcrative  plot  of  391^  A,  5780  A  emission  intensity  smd  double  probe  saturation  ion  current  decrease 
with  different  02/N2  seeding  ratios,  (p  =  3»7  Torr,  flow  velocity  =  2480  cnv^'sec) 
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around  1  ev  according  to 

e  +  Of  +  x(thii‘d  body)  Of  +  x 

Chanin  at  al  (1959)  studied  the  effectiveness  of  Nf  as  the  third  body  in 
stabilizing  attachment  for  thermal  electrons.  The  value  of  the  attaohioent 
coefficient  (jj/p)  in  0*  is  found  to  bo  quite  high  for  low  values  of  E/p 
(1.5  Vcm'Horr"’)  i.e.  of  the  order  of  1  ev. 

As  has  been  stated  before,  it  may  therefore  be  more  meaningfvU.  il? 
we  compare  Ihe  attachment  coefficient  when  evaluating  the  efficiency  of 
quenching  for  different  electronegative  gas  rather  than  attachment  cross 
section. 

COt  Seeding  of  Ng 

Quenching  by  C0|  seeding  is  of  some  interest  because  of  the  fact  that, 
although  the  attachment  cross  section  of  COt  is  not  very  high,  a  strong 
quenching  was  observed  with  evolution  of  considerable  amount  of  heat. 

Figure  17(a-c)  shows  the  variation  of  intensity  of  the  excited  ion 
(391  A-  ^),  excited  molecule  (57S0  A)  and  the  double  probe  saturated  ion 
current  for  different  seed  ratios  along  tlie  length  of  the  small  flow  tube. 

Figure  18(a-c)  shows  th*:  normalized  plot  (i.e.  intensities  natohed 
at  the  peak  in  the  afterglow)  of  tlie  three  intensities  for  different  seed 
ratios . 

Figure  19  shows  the  decay  of  the  intensity  of  the  maximum  pink  glow  for 
different  seed  ratios  as  measured  by  the  three  techniques. 

From  the  above  results  it  is  seen  that  COt  shows  a  strong  quenching 
effect  and  the  quantities  seem  to  follow  very  closely.  (Much  closer  than 
for  O2  seeding). 

The  mechanism  of  attachment  in  COt  is  a  dissociative  attachment 
according  to  COt  +  e  CO  +  O”  which  has  a  maximum  cross  section  of 


17b  Relatire  Tarlation  of  the  emission  intensily  of  57B0  %  in  first  positire  system 
;  the  spatial  display  of  the  sifterglow  for  different  COa/^a  seeding  ratios,  (p  =  3>7  ' 
velocity  =  2480  cnv^ec) . 
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5x10"^*cjn*  at  7*8  ev.  At  the  thermal  eondltion  of  the  pink  afterglow 
however,  (T  =10^  'K,  1  eY)C0t  attaohment  is  probably  not  an  effleient 

enou^  meohanism  to  aeoount  for  xhe  observed  quenshing.  However,  the  strong 
quenahing  was  found  to  be  associated  with  near  resonanee  vibrational  energy 
transfer  between  the  vibrationally  felted  ground-state  of  Nt  and  the  Vj 
vibratione^.  mode  of  COa  (Milne  et  al  (1963))  according  to 
Hk  *  +  COt  Na  +  COf  * 

Absorpt^'on  studies  of  Na  pink  afterglow  in  the  vaouxim  ultraviolet 
have  revealed  vibrational  excitation  up  to  v"  s  20,21  (Bass  196i«-,  Nakamura 
et  al  1964). 

This  vibrational  excitation  of  ground-state  Na  in  the  pink  afterglow 
is  suffieient  to  exalte  vibrational  modes  of  CCa ,  and  there  is  a  high 
probability  of  this  type  of  energy  transfer  (Eapp  et  al'1964)*  This  may 
aacount  for  the  strong  quenching  by  COf  observed  in  the  present  experiments. 

HiO  Seeding  of  M» 

Water  vapour  as  a  quenching  agent  is  of  considerable  Interest  due  to 
its  high  attaahment  aoeffiaient:  at  low  E/p  (Kuffel,  1939)  and  its  effeat  on 
the  reaombination  time  (Kuhns  1962).  Both  meahanismd  result  in  a  depletion 
of  the  free  eleatrons  in  the  plasma. 

The  results  of  the  present  experiments  ars  shown  in  the  Figures 
20  and  21. 

The  results  show  a  strong  quenahing  of  the  pink  glow  -  stronger  than 
for  either  Ot  or  COt.  The  decay  of  excited  neutral  (3780  1)  intenslly  seems 
to  follow  the  double  probe  saturation  auxrent  data  -(Fig. 21)  more  closely 
than  exeited  ion  Intensity  as  in  Oa  and  NO. 

In  these  experiments  a  10^  mixture  of  water  vapotir  in  Nt  was  used 
as  the  seed  gas.  It  was  thought  that  there  might  be  some  "quenehlng"  effect 


SEEDING  RATIO 


o'  S 

^  H 

O  !>0 

a 

a)  -p  • 

o 

4h  0)  tf) 


o 

o  H  c-i 
•H  O 
+> 

cU  • 

•HOa: 

c3 .4-  II 
>  ^ 

ON  (X 
o  KNw 


P  6  • 
0)  4>  0) 
H  P  O 
n  •H 

A  eg 
U 

a»  ® 

O  >  M 
C\J  "H  q 
P  *3 
*  rt  'b 
t®  t®  0) 
•H  ®  O 
Pk«  fi  « 


(°l/l)  AilSN3iNI  3AliV1diJ 


^SEEDINq^RATIO  (H2O/N2) 

Fig.  21  Comparative  plot  of  5914  A,  5780  A  emission  intensily  and  double  probe  saturation  ion  cxnrrent 
decrease  with  different  H2O/N2  seeding  ratios,  (p  =  5«7  Torr,  flow  velocity  =  2480  cm/sec) 


-  lb  - 


due  to  Nf  by  simple  cooling  of  the  plasma  and  would  affect  the  efficiency 
of  water  vapour  as  measured. 

To  oheck  thiS;  pure  Na  was  seeded  into  the  afterglow  and  a  small 
amount  of  quenching  (Pig. 22(a),  22(b),  22(c))  was  observed.  It  was,  however, 
several  orders  of  magnitude  smaller  than  that  observed  with  the  HgO  mixtures 
cmd  much  too  small  to  affect  the  measurements  shown  in  Fig. 21  and  22. 

For  {ureirioas  measurements  (Musohlitz  1957)  in  waLer-  vapour  ?>>rtwed 
production  of  two  types  of  negative  ion  H  ,  0  by  electron  impact  on  HtO. 

(SI  may  be  produced  by  secondaiy  reactions.  The  reactions  are: 

e-t-HtOH^QH'fH  appet.rance  pot.  3*7  ev 
e  +  HfO  2H  +  0“  •  «  7.3  ev 

h’  +  HiO  -*  oh"  ♦  HtJ  0~  +  HfO  ^  oh"  +  OH. 

The  electron  capture  cross  section  is  found  to  be  V.tixIO'^^cm*  at  6.4  ev. 

Results  of  Schulz  (i960)  involving  neasurem'snt  of  negative  ion  ouriiwnt 
as  a  function  of  electron  energy  indisated  that  below  2ev  water  vapour 
may  not  be  an  efficient  gas  for  attaching  electrons.  The  presont  results 
however,  indicate  a  strong  quenching  at  low  electron  energies  (<  2ev)  and 
measurement  of  the  attachment  coefficient  (i;  /p)'  in  water  vapour  at  low  5/p 
shows  a  strong  attachment  (Euffel  1959)  which  may  be  due  to  some  non- 
dissooiative  attachment  in  water  at  low  energy.  According  to  Kuffsl  (1959)) 
the  relatively  high  attachment  n^^ar  zero  electron  eneriy  is  due  to  electron 
attaching  themselves  to  large  clusters  of  molecules.  This  idea  was  also 
put  forward  by  Bradbury  (1934).  Thus^the  strong  quem.hing  moasured,  could 
be  accounted  for  by  the  high  attachment  coefficient  at  low  energy  du^  to 
non-dissociative  attachment  of  some  sort. 
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4»5  SFe  Seedini  of  Ni 

Because  of  its  very  large  eleatron  aapture  oross  seetion  (~ 
neeo*  zero  eleatron  energy,  SF«  Is  expea  ted  to  be  a  very  efflolent  seed  gas 
for  plasma  quenching  and  very  encouraging  results  have  been  obtained  previously 
in  argon  plasmas.  (Carswell  &  Cloutier  1964)* 

A  strong  quenching  is  expected  in  the  pink  glow  because  of  the  more 
favorable  thermal  condition  (i.e.  lower  temperatures)  for  SFr  in 
attaching  electrons.  Results  of  experiments  lone  at^yTorr,  are  shown 
in  the  Figs.  . 23  and  24  where  it  is  seen  that  complete  quenching  is 
achieved  for*  a  seeding  ratio  of  about  10"*, 

The  attachment  coefficient  for  low  values  of  B/p(2  Vcm’^torr** )  imo-SPe 
is  ~  2  (McAfee  1933)*  Hlckam  and  Fox  (1936)  have  used  the  RFD  technique  to 
study  SF«  attachmeut  from  0  to  2  ev.  SFe  was  observed  to  be  formed  in 
a  resonance  capture  process  with  a  cross  section  of'-  10”^®cm*  below  .1  ev. 

A  dissociative  attachment  of  S&  peaked  at  about  .1  ev  was  also  observed 
with  a  cross  section  of  10”^^ cm*. 

Although  the  capture  cross  section  of  SFe  is  maximum  around  .1  sv, 
its  efficiency  of  quenching  at  relatively  high  te^jperature  plasma  (»-  7x1 0*K) 
warn  found  to  be  quite  high  (Ceurswell  et  al  1964).  This,  however,  can  be 
explained  from  the  fact  that  overall  attachment  coefficient  is  relatively 
high  at  large  values  of  S/p  (Caballe  &  Reeves  1933^  Bhalla  &  Craggs  1962). 
Hence, SF«  may  be  a  very  efficient  seed  gas  for  quenching  over  a  wide  thermal 
condition  of  plasma. 

One  Interesting  additional  phenomenon  observed  with  SFe  seeding  was 
the  fact  that  after  the  experiment  idien  the  seeding  valve  was  closed,  there 
was  an  enhancement  of  the  Intensily  of  the  pink  glow  -  particularly  of  the 
second  maximum  (Fig. 3).  This  is  probably  due  to  wall  conditioning  which 
is  a  very  important  factor  in  determining  the  properties  of  the  pink  glow. 
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V  DISCUSSION 


As  already  mentioned  in  Section  4*1 »  the  relative  efficiency  of  a 
seed  gas  for  quenching  can  he  compared  on  the  basis  of  the  attachment 
coefficient  rather  than  the  attachment  cross  section.  This  is  because  the 
attachment  coefficient  is  a  measure  of  the  overalD.  electron  loss  no  matter 
wt  the  process  of  attachment  is.  Cross  sections  are  usually  known  for 
dissociative  attachment  which  may  be  insignificpjit  under  some  conditions 
of  the  plasma  energy  distribution.  With  this  in  mind,  a  plot  (Pig. 25)  is 
given  of  the  attachment  coefficient  (q/p)  as  a  function  of  B/p  (Vcm" ’ton*"'* ) 
for  the  different  gases  that  have  been  studied.  Prom  the  figure ^  it  is  shown 
that  although  O2  and  H*0  do  not  show  significant  dissociative  attachment  at 
low  energy,  non-dissociative  attachment  of  some  sort  is  significant  enough 
to  account  for  a  large  attachment  coefficient  (17  /p)  at  low  energy  values. 

Pigure  26  shows  a  plot  of  thte  afterglow  reduction  as  a  function  of 
seeding  ratio  for  the  seed  gases  used  in  the  present  investigations.  This 
plot  indicates  Ihe  relative  "efficiencies"  of  tJieSseed"  gases  for  plasma  • 
quenching  based  on  the  measurements  given  in  Section  IV.  SPe  is  found  to 
oe  the  most  effective  quenching  gas  which  is  obviously  due  to  its  large 
cross  section  and  attachment  coefficient  at  low  energy.  HaO  vapour  also 
acts  as  a  good  seed  gas  for  quenching  and  this  is  no  doubt  due  to  its  high 
attachment  coefficient  of  some  non-dissociative  processes  at  low  energy 
(Pig. 25).  On  a  "per-molecule"  basis,  SP6  is  apparently  more  efficient  than 
HzO,  but  on  the  basis  of  quenching  per  unit  mass,  Kt  0  becomes  equally 
attractive,  since  its  molecular  weight  is  only  18  compared  to  146  for  SP* . 

COa ,  Ot  and  NO  show  some  degree  of  quenching  efficiency  althovigb 
the  mechanism  of  quenching  for  NO  may  be  partly  due  to  its  unique  p  operty 


-  85  - 


of  absorbing  the  ground-state  atomic  nitrogen  which  acts  as  a  reactant  in 
producing  pink  glow  (Prag  &  Clark  1963)*  This  has  been  discussed  in  detail 
in  connection  wi^il  NO  seeding  (see  Section 

C0«  has  bejn  observ 'd  to  be  a  slightly  better  quenching  agent  than 
0*  although  5t3  attachment  coefficient  is  smaller  than  o^qjrgen.  This  can 
probably  be  attributed  in  part  to  the  near  resonance  vibrationed  oaergy 
transfer  between  the  Nj  (X’Sg'^)  and  the  vy  mode  of  CO*  (Milne  196^5) » 

but  the  exact  mechanism  of  quenching  the  afterglow  ionization  is  not  fully 
understood. 

It  must  be  emphasized  however,  that  attachment  is  not  the  only  property 
of  the  seed  gas  which  determines  its  quenching  efficiency.  It  should  be 
borne  in  mind  that  ,  in  addition  to  "attachment",  the  seed  gas  can  have  an 
effect  on  the  electron-ion  recombination  time  in  the  afterglow  as  has  been 
observed  by  Kuhns  (1962)  in  water  vapour.  The  seed  gas  may  act  as  an  efficient 
third  body  for  the  volume  recombination  of  the  plasma,  leading  to  a  sharp 
quenching. 

The  effect  of  the  seed  gas  on  the  recombination  time  must  therefore 
be  studied  with  care  before  a  quantitative  assessment  is  made. 

Another  point  to  be  mentioned  in  connection  with  the  present  experi?- 
mental  resiilts,  is  the  fact  that  all  seeding  was  done  in  the  so-called  dark 
space  between  the  discharge  and  the  pink  glow.  This  dark  space  contains  many 
high  energy  carriers  (atoms  &  molecules)  which  are  responsible  for  the  pink 
glow.  The  seed  gas  may  have  some  collisional  energy  exchange  with  them 
and  thereby  augment  the  quenching  of  the  pink  glow.  Her.ce,  additional 
measurements  will  be  required  over  a  wide  range  of  plasma  conditions  to 
establish  the  relative  efficiencies  of  the  seed  gases  mere  accurately. 

As  has  been  mentioned  before,  it  would  .ppear  that  the  captiire  of 
electrons  in  the  plasua  by  an  electronagative  gas  is  probably  foUowrd 
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by  a  charge  exchange  interaction  between  the  positive  ions  and  the  negative 
ions  which  leads  to  complete  neutralisation  of  the  plasma  (Carswell  et  al  19^4) 
Depending  on  the  pressure  in  the  discharge  chamber  the  interaction 
may  be  a  two  body  process  or  a  three  body  process. 

In  Ihe  two  body  process,  a  reaction  of  the  form 
X*  +  y“  X  ■*  Y 

can  'take  place  both  wllh  atom5.c  and  molecular  ions  with  high  probability 
under  certain  conditions.  The  excess  energy  is  distributed  as  kinetic 
energy  among  the  collisicr.  products.  The  coulorrib  attraction  between  the 
ri?actants  distorts  the  potential  energy  curve  leading  to  a  pseudo-crossing. 

The  cross  section  fbr  the  single  pseudo-crossover  at  a  nuclear  separation 
for  an  exothermic  collision  of  energy  defect  AE  ev  is  of  the  form  (Hasted 

1964) 

a  *  1(77  ) 

where  s  27«2/AB  and 

l(n)  =  j”  ejcp  (-T7X)[1  -  exp  (-px)]x’^  dx 
1 

,  =  247ii^  y 

AE*  E  ^ 

P 


where  Au  =  energy  separation  at  crossover 

IX  =  reduced  mass  and  E^  =  energy  of  'fsipact 

The  cross  section  reaches  a  maximum  at  E  »  100  ev,  but  is  not 

P 

negligible  at  thermal  energies.  Yeurg  &  Sayers  (1958)  have  computed  the 
cross  section  for  iodine  by  radiofrequency  absorption  techniques  and  have  found 
it  to  be  of  the  order  of  3x10”’^  cm*.  In  pure  halogen  vapour  afterglows,  the 
free  electrons  are  captured  in  100  ^sec  and  the  recombination  coefficient  was 
found  to  bo  independent  of  pressure  up  to  iTorr. 


Fig.  26  Sajnple  results  showing  the  quenching  of  Na  afterglows  by  various  seed  gases.  Th 
ratio  I/To  expresses  the  ratio  of  the  ion  densities  in  the  seeded  and  unseeded  ^steins  as 
shown  by  the  39^4  A  emission. 
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At  higher  pressure,  presumably  a  three  body  recombination  is  more 
prt^  eminent 

X'^  +  y'  +  Z  X  +  Y  +  Z 

the  third  body  taking  tho  excess  energy.  The  theory  for  this  process  has  been 
worked  out  by  Thomson  &  Langevin  at  low  pressure  and  high  pressure  respect¬ 
ively.  Recently,  Natason  (1959)  has  given  a.  unified  theory  which  agrees 
with  Thomson  at  low  pressure  and  with  Langevin  at  high  pressure.  As  for 
the  experimental  results,  Jjyers  (1938  )  and  Gardner  (1938)  have  made 
some  probs  measurements  which  agreed  quite  well  with  Thomson's  at  low 
pressure. 

Hence,  in  the  present  systems,  the  exact  quenching  processes  could 
only  be  decided  by  making  measnre:;.ents  of  the  attachments  and  recombination 
coefficients  for  the  different  seed  gases.  However,  from  the  practical 
point  of  vfew,  it  may  not  be  necessary  tj  determine  the  processes  exactly. 
Results  such  as  those  of  Pig, 26,  when  determined  ov-^^*^  the  appropriate 
rcr.ge  of  plasma  conditions,  should  serve  to  define  the  relative  quenching 
efficiencies  of  the  various  seed  gas^s. 
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APPSYDII  -A 


Afterglow  Studies  in  Non-Flowing 
Nitrogen  Dischargees 


As  has  been  stattd  earlier  in  the  report,  the  pulsed  afterglow  study 
was  initially  undertaken  in  a;  non-fl.ow:  oondition  in  order  to  have  a  cross¬ 
check  of  some  of  the:  results  in  the  flowing  system  which  gives  a  spatial 
display  of  the  afterglow  pattern.  It  was  hoped  that  this  comparative  study 
would  supply  more  accurate  data  on  tue  recombination  times  and  help  in 
establishing  the  time  scale  of  the  multiple  peaks  observed  in  the  flowing 
^tem* 

It  turned  out  that  the  study  revealed  some  very  important  aspects  of 
the  afterglow  so  far  undetected  in  a  non-flowizig  system. 

The  "small^  system  was  used  and  in  this  series  of  measurements,  a 
photooiultipller  was  placed  in  front  of  tlm  discharge  to  receive  the  light 
emitted.  The  pressure  was  kept  constant  at  a  particular  value  under  no-flow 
condition.  The  afterglow  intensity  of  3914  ^  and  5780  1  emi.**3ion  (using 
interference  filters)  was  photographed  by  switching  the  discharge  off.  This 
was  done  for  uifferent  pre.^sures,  wall  tomperature  and  '’wall  conditioning". 
The  system  was  given  2  minute  flushing  time  between  each  shot  at  a  moderate 
pressure  (4-5  Torr). 

Figure  A1  and  Figure  A2  show  the  effect  of  pressure  on  the  afterglow 
emission  for  5914  X  and  5780  £  respectively.  The  general  behaviour  of  both 
the  3914  £  and  5780  £  emissibn  pattern  is  found  to  be  similar.  At  low 
pressure  (2  Torr)  the  peak  occurred  around  13  ms;  while  at  higher  pressures 
(5  Torr),  multiple  peaks  were  observed  at  about  3  ms,  15  ma  and  24  ms. 


A2 


?ig.  A1  Sample  photographs  showing  variation  of  the  afterglow 
3914  A  emission  with  pressure.  (Light  intensity 
ino-  )ases  downward.)  Horisontal  sweep  (a)-(f)  5ms/div. 
(g)-(j)  lOms/div.  vortical  gain  (a)-U)  Smv/div.  (e) 
20mv/div.  (f)  50mv/div.  (g)-p)  100mv/div.  (a)  1.0  torr; 
(b)  1.7  torr;  p)  2.0  torr;  p)  3.0  torr;  (e)  4.0  torr; 
Cf)  5.0  torr;  (g)  6.0  torr;  (h)  7.0  torr;  U)  8.0  torr; 
(j)  9.0  torr. 


Fig.  /V2  Sample  photograpl.j  showing  v.n'iiition  of  the  afterglow 

5780  A  emission  with  pressure.  (Light  ii.tensil^'  increases 
downward.)  Horizontal  sweep  5ffls/div.  vertical  gain 

(a) -(6)  5Div/div.  (h)  10mv/diT.  Pressure  (a)  1.G  torr; 

(b)  1.5  torr;  (0)  2.0  torr;  (d)  3-0  torr;  (e)  4.0  torr; 

(f)  4.5  torr;  (g)  5.0  torr;  (h)  6.0  torr. 


Figure  A3  shows  the  effect  of  wall  temperatxire  on  the  afterglow 

intensity  pattern.  (The  temperature  wa^>  monj.tored  by  an  external  thermocouple 

on  the  pyrex  tube.)  A  negative  temperature  effect  was  observed  as  the  temp- 

0 

erature  increased.  It  was  found  that  at  a  wall  temperature  of  about  150  C, 
the  afterglow  disappeared  completely.  In  *  act,  brief  heating  of  pink  after¬ 
glow  in  a  flowing  system  did  decrease  the  brightness  of  the  pink  (Boale  & 
Broida  1959). 

Figure  Aif  shows  an  interesting  effect,  probably  due  to  "wall 
conditioning".  It  was  found  that  when  the  discharge  was  first  turned  on 
after  a  long  interval  of  time  (e.g.  over  night),  the  afterglow  pattern 
continuously  changed  with  successive  "firings".  Every  time  the  discharge 
was  on  for  5  secs  eind  then  switched  off.  The  system  was  flushed  for  two 
minutes  between  each  shot.  It  was  found  that  after  10-12  "firings",  the 
afterglow  pattern  attained  a  steady  structure  at  a  particular  pressure  and 
a  sort  of  "equilibrium"  condition  wap  reached.  Initially  the  aifterglow 
showed  an  early  spike  (5  ms)  which  then  disappeared  as  a  peak  at  13  ms  "built 
up"  at  the  equilibrium  condition  .  This  peculiar  behaviour  is  attributed 
to  the  effect  of  "wall  conditioning"  which  had  already'  been  pointed  out  as 
being  an  important  parameter  in  obtaining  a  pink  afterglow  in  a  flow  system. 

Another  peculiar  behaviour  of  the  afterglow  pattern  was  that  it  varied 
from  position  to  position  in  the  discharge.  The  best  position  in  obtaining 
a  multiple  peaked  afterglow  pattern  was  not  the  mid-point  between  liie 
electrodes  of  the  discharge,  but  rather  a  few  centimeters  upstream  xn  the 
blue  region.  The  ."midpoint"  of  the  discharge  showed  an  earlier  spike.  As 
the  photomultiplier  was  moved  further  "downstream",  the  Deak  was  found  to 
disappear  gredually. 

It  is  to  be  noted  carefully  that  before  any  measurement  was  made,  the 
system  was  flushed  for  about  2  minutes  at  a  pressure  of  4  to  5  Torr.  This 
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Pig.  A3  Sample  photographs  oho->dnt;  the  variation  of  (  :  :  ■  .'glow 
3914  A  emission  with  discharge  tube  wall  temper  ture. 
(Light  inten.-^ty  increases  downward.)  lYesj-  -e  2  torr. 
Horizon tol 


I 


orizontol  sweep  5ins/div.  vertical  gain  (a)-(i)  Sjtv/div. 
i)  2m55/diY.  (a)  33*^C;  (b)  38‘'c;  (c)  40°C;  (d,  55®C; 
e)  60®C;  (f)  65  C;  (g)  70°C;  (h)  80°C;  (i)  90  Cj  (j)  150  C. 


MtHiai. 
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Fig.  AU  SeuDplg  photographs  showing  vari^^tion  of  the  afterglow 
3914  A  emission.  (Light  intensity  increases  downward.) 
Due  to  wall  conditioning.  Pressure  2  torr.  Horizontal 
sweep  5iaa/<iiVi  (a)-(e)  vertical  gain  10mv/div.  ff)-(h) 
vertical  gain  5Biv/div.  The  series  from  (a)  to  (h)  shows 
the  changes  occurring  from  first  discharge  in  the  tube 
to  "equilibrium’’  condition. 
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was  an  important  meas^are  in  connoction  with  the  reproducibility  of  the 
results.  It  was  found  that  without  this  ’’flushing",  the  afterglow  pattern 
was  lost  after  three  or  four  "firings'*.  Thus,  the  flushing  may  be  serving 
to  drive  out  some  impurity  or  acting  to  provide  a  favourable  «al?  "conditioning". 

T>j3e  results  reveal  some  very  interesting  phenomena  in  connection 
with  the  pink  glow  which  has  been  described  by  so  many  authors  as 
"temperamental" . 

The  multiple  peaks  confirm  the  complicated  nature  of  the  recombin¬ 
ation  processes  involved.  Variation  in  the  value  of  the  afterglow  time 
quo^  td  by  different  authors  in  a  supposed  "identical"  cc  lit ion  can  piobably 
be  explained  from  the  effect  of  "wall  conditionings"  and  wall  temperature 
which  may  change  with  the  method  cf  production  of  the  primary  discharge  that 
means  either  rf  discharge,  microwave  dischai'ge  or  D.C.  discharge. 

The  peaks  in  the  afterglow  pattern  obviously  indicate  some  sort  of 
repetitive  production  mechanisms  along  with  the  loss  due  to  recombination 
and  diffusion.  Without  specifying  the  actual  species  involved  in  the 
recombination  processes  of  such  a  complicated  nature,  one  can  write  the 
recombination  equation  involving  the  loss  and  production  processes  for  a 
cylindrical  geometry 


dn 

dt 


-  an’  .  aSn  ♦  Q(t)  +  I?  ^ 


where  5  a  non-zero  net  charge  density 

ff  =  electron  ion  recombination  coefficient 
Da=  ambipolar  diffusion  coefficient 
Q(±)  =  a  production  term;  that  is  an  ionizing  source  whon  the  actual 
discharge  ds  off. 

S  =  0  in  most  of  the  occasions. 
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Kunkel  (1950  solved  this  equation  neglecting  diffusion  and  assuming 
an  ionizing  source  of  exponentially  decay  form 

Q(t)  = 

and  he  obtained  a  solution  of  the  form 

n  ~  - 

”  at+pA 

viiioh  can  explain  one  peak  in  the  afterglow. 

A  qualitative  explanation  of  a  process  w’th  single  peak  can  be 
given  as  follows. 

Initially, the  ionizing  source  (Q(t))  is  most  efficient  in  producing 
ions  and  electrons,  and  loss  due  to  recombination  is  negligible  due  to  lack 
of  concentration.  Hence, product! on  will  increase  until  the  concentration 
is  large  enough  to  make  recombination  an  efficient  mechanism.  Aa  soon  as 
sufficient  concentz^ation  of  ions  and  eleotrona  are  formed  they  will  recombine 
and  the  concentration  will  decrease.  The  multiple  natiure  of  the  peaks  is 
difficult  to  explain  unless  some  sort  of  oscillatory  reactions  are  involved. 
Reaction  schemes  suggested  by  Prag  &  Clark  (I963)  niay  fulfil  the  Rice's 
oscillatory  criterion  (Rice  I96O)  as  has  been  proposed  by  Young  (1962)  for 
his  own  set  of  reactions.  In  fact,  Prag  &  Clark  (1963)  did  suggest  some 
sort  of  cyclic  process  for  their  trwn  set  of  reactions  in  causing  repetitive 
dissociation  and  formation  of  N4  molecule  which  is  believeu  to  be  the  main 
energy  oai’rier  in  producing  pink  afterglow. 

In  this  connection  also,  reference  should  be  made  to  the  work  of 
Fite  et  al  (1962)  who  found  in  their  studies  of  pulsed  Na  afterglows  that 
the  various  nitrogen  ion  species  (N^,  N**,  Nj*  and  N4*)  exhibited  a  "peaked" 
distribution  in  the  afterglow  and  that  the  various  species  reached  their 
maximum  abundance  at  different  times  in  the  afterglow. 


As  a  result  of  the  present  pulsed  studies,  the  complex  nature  of  the 
short  duration  afterglow  of  N2  has  been  further  ei!^>haslzed.  The  maxima  at 
times  less  than  3  mlUiseo,  shown  in  the  figures  are  very  sharp  and  do  not 
seem  to  have  been  reported  previously.  The  peaks  at  1 0-1 5  m  sec  correspond 
to  those  we  have  ^served  in  the  flow  system  as  shown  in  Sections  III  and  IV. 
Because  of  the  complicated  interplay  of  temperature,  pressure,  impurity  and 
.all-effects ;  any  experimental  Investigation  of  the  detailed  structure  of  the 
afterglow  will  have  to  be  performed  with  great  care  if  meaningful  results 


are  to  be  obtained 
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APPENDIX  B 


Velool'ty  Measurements  in 
Afterglow  Flow  Systems 

The  flow  velocities  quoted  in  the  results  given  in  this  report 
represent  only  average  values.  As  discussed  earlier  (Section  IIl)»  because 
of  the  complex  nature  of  the  nitrogen  afterglow,  temperature  and  pressure 
gradients  are  generated  in  the  flow  and  the  veloolly  becomes  a  function  of 
spatial  position  in  the  flow  system. 

In  an  attempt  to  Improve  the  accuracy  of  the  velocity  values  obtained 
and  possibly  to  observe  the  spatial  dependence  of  this  velocity  in  the  flow 
systems,  measurements  were  carried  out  using  a  pulse  technique.  Generally 
spaaking,  it  consisted  of  switching  off  the  discharge  in  tho  flowing  gas 
at  a  known  Instant  and  monitoring  the  subsequent  behaviour  of  the  afterglow 
at  various  positions  downstream,  with  the  help  of  photomultipliers. 

The  composite  photograph  in  Fig.  B1  presents  a  selection  of  traces 
extracted  from  a  series  of  such  measurements  illustrating  the  time  history 
of  the  afterglow  at  discrete  positions  along  the  tube  from  the  moment  the 
discharge  is  switched  off.  The  bottoo:  and  the  top  traces  show  the  time 
dependence  of  the  rf  poVer  and  afterglow  intensity  respectively.  The  fcf 
signal  was  monitored  from  an  antenna  located  in  the  vicinity  of  the  discharge, 
rectified,  detected  through  an  R.C.  circuit  and  fed  into  the  oscilloscope. 

The  rather  long  decay  time  for  the  rf .  signal  shown  on  the  pictures 
(~  1  mllllseo)  is  that  of  the  R.C.  circuit.  The  actual  decay  time,  measured 
without  filter,  is  of  the  order  of  25  psec,  -  that  is  to  say,  instantaneous, 
compared  to  the  time  scale  of  the  afterglow.  The  discharge  rf  was  turned  off 


?ig.  Bl  Sample  photographs  showing  photomui'^iplier  response  (upper 
trace)  when  the  R.P.  (lower  trace)  3S  switched  off  (t«0) 
for  different  photomultiplier  distances  (d)  from  the 
discharf;e.  Horisontal  sweep  5ins/div.  iressure  1,5  torr. 
Top  to  bottom  d:  19om;  25cm;  51cm;  Mem;  51cm;  6lom;  71om. 
tt :  Time  to  receive  the  first  response 
tt:  Time  required  for  final  decay. 
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by  a  delayed  relay  operated  manually  by  a  switch  which  at  the  some  time 
triggered  the  oscilloscopt. 

The  rf  signal  trace  is  self  explanatory.  Three  different  regions  can 
be  observed  in  the  afterglow  emission  trace.  Firstly,  bofore  s^ritch-off, 
a  continuous  horlsontal  line  showing  the  steady  state  nature  of  the  afterglow 
in  the  flow.  Then  a  sudden  break  of  the  equilibrium  (more  or  less 
pronounced,  depending  on  the  position  of  the  photomultiplier),  leading 
to  a  region  of  undulating  structure  masked  generally  by  a  slight  decrease 
of  the  average  intensity  and,  5n  a  few  cases,  by  an  appreciable  increase. 
Finally,  a  rapid  intensity  dacay  coinciding  with  the  disappearance  of  the 
glow.  The  final  decay  is  preceded  in  all  cases  by  a  short  intensity  maximum. 

The  flow  velocity  can  be  found  by  dividing  tne  discharge-to-photo- 
multlpller  distance  by  the  time  interval  between  the  discharge  rf  cut-off 
and  the  afterglow  decay  (ta).  Because  of  the  appreciable  extent  of  the 
discharge,  there  is  some  uncertain^  about  both  the  effective  size  and 
location  of  the  afterglow  source.  The  position  of  thb  source  was,  as  a 
result,  fixed  arbitrarily  at  the  downstream  end  of  the  discharge  electrode 
and  the  graph  of  time  (ta)  against  position  was  plotted  in  Fig.  B2  from  the 
same  series  of  traces  as  those  shown  in  Fig.  B1 . 

As  a  consequence  of  both  the  finite  size  of  the  source  and  the  finite 
decay  time  of  the  glow,  the  afterglow  intensity  does  not  present  a  sharp 
cut-off  and  there  exists  some  doubt  as  to  where  ta  should  be  measured. 
Therefore,  three  values  of  time,  corresponding  respectively  to  those 
measured  at  the  last  maximum,  halfway  down  the  decay  slope  and  at  the  intens¬ 
ity  zero,  were  recorded.  And  in  Fig 32, the  vertical  lines  at  each  position 
indicate  the  spread  of  these  times.  It  is  apparent  from  the  figure  that  the 
tc  values  determine  a  fairly  good  straight  line  indie  ^ing  a  rather  constant 
value  of  the  velocity  as  de-^-ermined  in  this  manner.  Extrapolation  of  this 
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llna  down  to  the  distance  axis  locates  the  efl'ectlve  position  of  the  source 
relative  to  the  arhitreur'ily  chosed  value.  The  velocity  calculated  from  the 
curve  of  Fi^.B2  is  found  to  he  20if0  em/aoc. 

Another  interesting  phenomenon  occurs  on  switch-off  of  lha  rf  discharge. 
It  consists  of  a  signal  travelling  down  the  tube  at  the  speed  of  sound  and 
believed  to  be  caused  by  a  pressure  disturbance  due  to  the  sudden  gas 
-cooling  >ooo.'"p<u:^lng  the  out  off  of  the  discharge.  The  phenomenon  corresponds 
to  the  first  break  occurring  on  the  downstream  photomultiplier  traces  (i.e.ti 
in  Flg.Bl.  It  is  observed  that  the  time  ti  increases  as  the  photomultiplier 
is  moved  down  the  tube. 

Ifhen  the  time  ti  is  plotted  against  position,  the  slope  of  the  straight 
line  so  obtained  gives  the  propagation  velocity  of  the  signal.  This  is  done 
in  Flgtu'e  B3  for  two  different  flow  conditions  in  nitrogen.  We  see  that  the 
velocity  of  propagation  of  this  signal  is  independent  of  the  gas  pressure. 

A  speed  of  3*3x1  O^cn/sec  was  calculated  from  Fig.B3  and  as  aii  average  value 
it  agrees  very  well  with  the  calculated  velocity  of  sound  in  nitrogen  at 
300^E.  Thus,  knowing  the  temperature  dependence  of  sound  velocity,  the 
measured  velocity  can  be  used  to  calculate  the  effective  gas  temperature. 

This  temperature  may  then  be  employed  in  the  calculation  of  the  f3.ow  velocity 
from  measurements  of  the  flow  volume. 

This  disturbance  taking  place  at  the  source  and  travelling  rapidly 
downstream  in  the  afterglow  Is  closely  related  to  the  undulating  structure 
of  the  trace  in  the  second  region  of  Fig.BI.  When  tt  .'f  is  cut  off,  the 
"Instantaneous"  replacement  of  the  hot  gas  iii  the  discharge  region  by  cool 
(300°K)  incoming  gas  generates  a  pressure  rarefaction  which  propagates  down 
the  tube,  creating  instabilities  and  generating  oscilD^tlcns  of  the  afterglow 
intensity* 


1.8  TORR 

2.8  TORR 


(39SUJ)  Ij  ‘ 
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One  of  the  immediate  efiects  produced  by  the  disturbance  is  observable 
in  the  sample  photographs  of  Pig.BI.  It  is  apparent  that  some  downstream 
photomultiplier  traces  undergo  a  rise  in  intensity  (25  cm,  51  cm)  yhile 
the  others  suffer  a  drop  right  after  the  break  point  (ti).  The  reason  for 
this  can  be  found  by  referring  to  Pig.B4  where  an  axial  scan  of  the  afterglow 
is  shown  for  steady  state  conditions.  Also  indicated  by  vertical  lines,  are 
the  photomultiplier  positions  corresponding  to  time  history  photographs  of 
Pig.Bl.  We  observe  that  if  the  whole  curve  is  shifted  upstrerm  (i.e,  to  the 
left)  by  a  few  centimeters,  the  amplitudes  given  by  the  new  crossing  points 
have  imdergone  a  variation  in  the  same  direction  as  that  following  the  break 
on  the  corresponding  photograph.  Hence,  the  photomultiplier  at  23  cm  is 
affected  by  a  big  rise  and  position  31  cm  by  a  rather  large  drop  on  both 
Pig.  B1  and  Pig.  B4.  It  therefore  appears  that  the  immediate  result  of  turning 
off  the  discharge  is  to  shift  the  afterglow  pattern  upstream.  (This 
"backward”  motion  can  actually  be  observed  visually  when  the  pink  glow  has 
sufficient  intensity) • 

In  order  to  check  this  result  and  find  out  hov/  fast  Ihis  displacement 
was  taking  place,  curves  of  Pig.  B5  were  constructed  using  the  series  of 
photographs  whose  samples  appear  in  Pig.  B1 .  Prom  the  time  history  taking 
place  at  discrete  positions  down  the  afterglow  (~  every  2  cm)  the  s])atial 
intensity  distribution  of  the  afterglow  is  reconstructed  with  time  a;’,  the 
parameter.  The  shift  is  well  illustrated  and  the  motion  is  seen  to  start  with 
the  passage  of  the  "sound  wave"  and  be  achieved  in  less  than  2  milliseconds. 

This  plot  is  most  instructive  fcjr  following  the  time  variation  of  the 
distribution.  After  the  rapid  backward  (upstream)  motion  of  the  afterglow,  the 
unexcited,  cold  gas  moves  downstream  and  begins  to  diminish  the  afterglow 
intensify  at  the  upstream  end.  As  shown  in  Pig.  B5,  this  removal  of  the 
afterglow  occurs  as  an  "eating-away"  of  the  upstream  edge  with  the  downstream 
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portion  of  the  afterglow  distribution  remaining  essentially  intact  and  at 
rest  with  respect  to  ^he  flow  tube.  This  type  of  behavioxir  can  be  explained 
ffom  the  fact  that  at  any  given  position  in  the  flow  system,  the  afterglow 
conditions  first  adjust  rapidly  (in  a  time  ti )  to  the  new  pressure  and 
velocity  conditions  and  then  remain  in  a  steady-state  flow  condition  (apart 
from  the  small  undulations)  until  the  unexcited  gas  reaches  that  position 
(time  tf)  and  removes  the  excited  species. 

In  an  attempt  to  iirprove  the  accuracy  of  the  pulsed  meihod  for  measiu?- 
ing  flew  velocity,  a  different  arrangement  was  employed.  This  time,  two 
photomultipliers  separated  by  a  known  distence,  were  located  at  different 
positions  downstream  and  their  output  was  fed  into  a  dual  beam  oscilloscope. 

The  discharge  rf  power  cut  off  was  carried  out  in  the  same  manner  a^  described 
previously  and sowBs: the  'scope  triggering.  Fig.  B6  shows  sample  photographs 
of  the  simultaneous  responses  of  the  photomultipliers  for  a  separation  of 
13  cm  and  distances  (upstream  photomultiplier)  of  20,  4fi  and  82  cm  respect¬ 
ively  from  the  discharge.  From  the  photomultiplier  separation  and  time 
interval  between  decays  as  measured  on  the  photographs,  the  flow  velocity 
can  be  found.  In  principle,  by  reducing  the  inter  photomultiplier  distance 
it  is  possible  to  Increase  the  resolution  (i.e.  decrease  the  distance  averaged 
velocity)  and  establish  the  flow  velocity  distribution  down  the  tube. 

However,  it  is  found  in  practice  that  this  method  of  measurement  is  of  limited 
accuracy  because  of  the  irregular  nature  of  the  decay  portions  of  the  intensity 
curves.  Also,  as  a  result  of  phenomena  such  as  those  shown  in  Fig.  B3,  eny  use 
of  pulsing  techniques,  provides  a  measure  of  the  velocity  after  the  pulse  and 
not  of  the  original  steady-state  flow.  This  is  true  whether  one  or  several 
photomultipliers  are  used.  This  el*fect  has  been  observed  with  the  two  photo¬ 
multipliers  arrangement.  Using  traces  such  as  those  shown  in  Fig.  B6,  the 
flow  velocity  was  measured  for  several  flow  conditions  and  simulttuieously  the 


Fl^.  B6  Sample  photographs  showing  the  simultaneojs  response  of 
■*^0  photomultipliers  at  different  distanras  from  the 
source,  Horisontal  sweep  fms.div.  Pressure  3*5  torr. 
Separation  between  the  two  photomultipliers  is:  13om 
(I'ixed).  liistance  (d)  of  the  first  photomultiplier  from 
the  discharges  is:  20cm;  48om;  82cm. 
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total  voltuue  flow  was  reoordad  to  provide  a  second  velocily  measurement.  The 
results  are  summariified  in  Table  I  below: 

Table  I  -  Con^arative  Flow  Velocities 


Pressure 

Vel.  from 
Hiotomult, 

Vel.  from 
Vol.floif(300  K) 

Vel.  from 

Vol.flow  (  400  K) 

1.5  Torr 

1970  ea/aea 

2060 

2780 

S 

CM 

2270  " 

2360 

3150 

3.5  " 

2230  " 

2320 

3100 

To  compute  the  velocity  from  the  volume  flow  it  is  necessary  to  know 

the  gas  temperature  in  the  flow  tube.  From  the  thermocouple  measurements 

(e.g.  Fig.7)  it  is  known  that  the  temperature  of  the  afterglow  is  of  the 
o 

order  of  400  K.  In  order  to  get  reasonable  agreement  in  Table  I  however,  a 

o 

temperature  of  about  300  K  must  be  used  indicating  that  the  flow  velocity 
measux^d  by  the  "switching-off"  technique  corresponds  to  the  temperature  of 
the  inflowing  room  temperature  gas.  (In  agreement  with  the  veloci'ty  of 
soimd  measurement  from  ti  of  Fig.Bt).  This  is  quite  reasonable  in  view  of 
the  rapid  velocity  reduction  on  switch*^ff  shown  by  the  upstream  motion  of 
the  afterglow  pattern  in  Fig. 

In  conclusion  it  can  be  stated  that  it  was  found  that  the  pxilse  melhod 
with  switch-off  of  the  discharge  source  and  downstream  intensity  monitoring 
photomultipliers  does  not  constitute  an  accurate  means  for  the  determination 
of  the  steady  state  afterglow.  The  arrangement  using  two  donwstream  photo- 
multipl:' drs  can  howdver,  be  employed  advantageously  for  a  rapid  determination 
of  the  order  of  magnitude  of  the  flow  velocity.  Perhaps  the  most  interesting 
aspect  of  this  study  is  the  observation  of  the  "soimd”  wave  propagated . down 
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the  tube  on  switfeh-off  liiich  is  followed  by  a  rapid  reduction  in  the  flow 
velocity*  The  sound  wave  can  be  used  to  find  an  average  afterglow  temperature 
that  can  also  be  employed  in  the  calculation  of  the  average  flow  velocity  by 
measurement  of  the  flow  exhaust* 


APPENDIX  C 


Double  Probes  In  Plasmaa 

Dr.  T.W.  Johnston 


UmODUCTION 

Double  probe  investigation  of  a  plasma  is  very  useful  in  cases 
where  the  current  drawn  from  the  plasma  must  be  kept  to  a  minimum .  In 
practical  cases  the  positive  ion  current  variation  to  the  probe  elements 
is  not  negligible,  and  simple  theory,  based  on  this  neglect,  is 
inadequate.  Several  people  have  dealt  with  this  problem  in  oollisionless 
plasmaa  with  varying  degrees  of  success.  (Allen,  Boyd  and  Reynolds  (1957); 
Bernstein  &  Rabincwitz  (1959);  Hall  (1961 ,196i«.),  Lam  (1965)»  Chen  (1965))* 

Recently  Laframboise  (196^)  has  calculated  very  convenient 
numerical  results  for  cylindrical  (and  spherical)  probes  in  stationa^ 
Maxwellian  collisionless  plasmas  with  one  'fype  of  positive  ion  and  one 
type  of  negative  ion  with  arbitrary  charge  and  mass. 

This  last  feature  allows  one  to  construct  the  Langmuir  single 
probe  cha7.*acteristio  and,  from  it,  the  double  probe  characteristic  for 
any  two-component  plasma  of  interest. 

In  this  appendix,  this  has  been  done  for  the  cases  of  interest  in 
the  present  study:  and  e  (T^  »  I^^)»  N**  and  SP« 

From  the  results  a  simple  procedure  is  derived  for  obtaining  moderately 
accurate  results  quickly  from  the  probe  oharac ter ir. ties . 


A  basic  conclusion  is  that^whils  double  probes  are  adequate  for 
determining  the  positive  ion  density,  they  are  almost  useless  for  determining 
the  composition  of  the  negative  charge  species  (i.e*  the  relative 
proportions  of  electrons  and  negative  ions). 

CONSTRUCTION  OP  PROBE  CHARACTERISTICS 

The  determining  parameter  is  the  root  of  thejratio  of  the  masses 
of  the  charge  species.  For  the  N**,  e  system  Vm  /m '  is  227,  for  the 
Ns*,  SP*”  system  is  1.58»  jafraaiboise's  normalized  curves  are 

I 

shown  in  Flg.1  for  the  attracted  particles  for  various  ratios  of  probe 

radius  r^  to  Debye  length  1^.  The  repelled  particle  ciurrent  is  merely ' 

-  eV  /kT) ,  where  V  is  the  voltage  relative  to  the  plasma  potential. 

P  P 

The  convenient  normalizing  current  per  unit  probe  area  to  use 
is  the  random  current  at  the  greater  temperature  of  the  species,  normal¬ 
ized  to  whatever  species  mass  is  convenient. 

For  the  N2*,  e  system, since-  the  ion  current  was  of  interest  and 
the  ion  temperature  was  low. the  normalizing  current  was 

/kT  \ 1  /  kT  \ 1 

lo.  =  n^e  =  n^e  (1) 

and  A^  are  the  probe  radius,  length  and  area.  The  other  symbols 
have  their  usual  meaning.  The  electron  temperature  was  used  £n  the 
voltage  scale.  The  characteristics  are  given  in  Figs. C2  to  C7> 

For  the  Nf^,  SF*  system  the  temperatures  T  ware  assumed  equal, 
and  the  current  was  aga-Jn  normalized  to  the  heavier  species  (SFe  )  mass. 

The  results  are  given  in  Figs.CS  to  CIO. 

Partlole  Flow 


The  particle  flow  curves  were  oonstruoted  by  vising  the  curves 
of  Fig.CI  directly  for  the  normalizing  species  and  multiplying  t).ie  other 
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mirror-revei aed  curve  by  the  mass  ratio  as  given  in  Figs.C2,  C8.  Note  that 
only  the  retarding  part  of  the  electron  ciuirant  is  required,  because  of 
the  extreme  mass  ratio,  for  the  double  probe  result,  but  that  the  full 
characteristic  is  required  when  the  species  are  of  comparable  mass. 

Single  Probe 

The  relevant  portions  of  the  single  Langmuir  probe  characteristics 
are  now  constructed  by  simple  subtraction  of  the  ion  current  from  electron 
current.  The  rectified  version  of  the  Langmuir  characteristics  (i.e. 
negative  current  shown  positive)  is  given  in  Figs.CJ,CSl  Note  that  in 
the  eleetron-ion  plasma,  the  floating  (zero-current)  potential  is  quite 
negative,  and  moves  negatively  as  the  probe  is  made  larger.  In  the  ion-ion 
plasma  the  floating  potential  is  slightly  positive  and  does  not  move. 

Double  Probe 

The  double  probe  curves  (for  both  probes  identical,  but  isolated 
in  the  same  plasma)  are  constructed  from  the  rectified  single  probe 
curvesby  choosing  a  current  and  obtaining  :lie  voltage  difference  at  that 
current  between  the  positive  and  negative  parts  of  the  characteristics. 

This  normalized  probe  current  is  plotted  against  the  normalized  voltage 
difference  in  Figs.Cif  and  010.  These  curves  are  the  upper  right  hard 
quarter  of  the  usual  S-type  double-probe  characteristic.  To  facilitate 
discussion  emd  comparison  with  experiment,  the  electron-ion  curves  were 
normalized  (by  division  by  suitable  a  factors)  to  allow  the  lower  part 
of  the  characteristics  to  be  superimposed,  giving  Fig..C5> 

Thus  Figs, 05  and  CTO  are  the  theoretical  staiidards  for  fitting  the 
experimental  results.  Given  these  curves,  the  probe  dimensions,  plasma 
composition,  and  the  experimental  oiarrent-voltage  char  etc  ter  is  tie  s ,  the 
plasma  density  and  tempexature  are  to  be  deduced. 
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TBMPERATURB  AND  NUMBER  DENSITY 

A  basic  problem  in  this  diagnostic  technique  is  that  the 
romal'iidng  factors  the  current  and  voltage  variables  are  what  is 
unknown.  An  obvious  way  to  use  the  experimental  data  is  to  fit  the 
experimental  probe  characteristics  to  the  normalized  plots  by  horizontal 
and  vertical  scaling  factors.  I'he  normalizing  factors  appear  immed¬ 
iately*  One  finds  by  the  fit  idiat  voltage  corresponds  to  kT/e  and  tiien 
what  probe  client  fits  the  appropriate  random  current  and  thus  determining 
what  the  ion  density  must  be.  The  value  of  then  be  calculated 

and  the  curve  for  that  value  compared  with  the  actual  probe  curve  as  an 
experimental  consistency  cheek*  A  short  cut  for  this  somewhat  tedious 
procedure  is  obviously  desirable* 

Since  the  N**,  e  curves  had  to  be  normalized  to  be  superimposed, 
this  second  normalization  roust  be  considered  as  well,  so  the  treatment 
of  that  system  differs  somewhat  from  the  Ns^,  SFs  ease  * 

*T  + 

Na  .  e 


In  Fig. 6  the  normalization  constant  a,  of  Figs.CA,  C5  is  plotted 
as  a  function  of  r^/lp,  as  well  as  a  useful  parameters,  the  ratio  of  the 
slope  of  the  saturated  part  of  the  characteristic  to  the  slope  of  the 
zero  voltage  difference  region.  This  last  parameter  is  independent  of  the 
vertical  and  horizontal  scale  factors.  From  S,  on  an  experimental  curve^  one 
©an  roughly  estimate  from  Fig*C6>  In  Fig,C7»S  is  plotted  against  a 

so  that  a  can  also  bo  obtained  directly  from  S*  The  diagnostic  prescript¬ 
ion  now  5s  as  follows; 

1*  In  the  usual  fashion  draw  saturation  asymptotes  and  the  slope  line  Lo 
through  =  0.  The  intervection  of  Lo  and  Lg  gives  the  break  point 
voltage  which  can  be  taken  to  be  twice  the  electron  energy  i.e*  eV^=2kT^. 

• 

0+  . 


The  current  I^  at  the  Intersection  is  between  1  and  'iV).t.aI 


The  ratios 
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aliiw  -.at- 


of  the  slopes  of  L  and  L  determine  a  from  Fig.Cjl  Io+  is  defined  ahove.' 

o  s 

Thus 


(2a) 


In  IKS  units 


=  nAV^ 


'<kf 


1*9^10”*^  amps 


\UKS 


L  (m  /b  ..14  I. 

— . ^  "§  *  ""  '•  1  X  227x4*8x1  o' ^ elec trons/m^ 


1.1a  A 


In  cgs  units 


n 


♦  a  AVj 

D 


T  X  227x4.8x10 


,♦»  1 


T  x1 t09x10*'^electrons/oc 
o  AV,  ^ 

D 


(2b) 


No  second  normalization  was  necessary  so  Fig.CIOcan  be  used 
directly.  It  should  be  noted  that  the  curves  do  not  show  the  clear 
saturation  of  the  oiirves,  so  the  drawing  of  the  saturation  line  L 

s 

is  somewhat  arbitrary.  The  (Lq.L  )  intersection  voltage  7,  is  1.8 

s  D 

to  2.3  and  current  I^  is  1.6  to  2.1.  For  nominal  aoouraoy  (better  than 
20^)  it  is  enough  to  take  the  intersection  voltage  V,  as  2]eT  /e.  Because 

D  0 

of  the  larger  variation  in  I^  it  is  better  to  take  the  value  at  7^  of 

I  (which  only  varies  from  1.2  to  1.4)  us  1.3*  Thus  we  have 

kT/e  =  K  (3a) 

n  S'  ^  X  4*8>*o"  b  *  ^  1.32x10'*  electrons/ce  (3b) 

1.3A7jj^  \“e/  A7^^ 

Since  the  saturated  slope  is  somewhat  uncertain,  probably  the 
best  consistency  check  is  to  calculate  1^  from  1^  =  6.9(T/n)^  and  plot 


tr“— 
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a  few  eaqperimental  points  on  PigcCiO  to  see  if  they  fit  the  appropriate 
curve*  If  the  fit  is  fairly  good  the  aeouraoy  6f  the  measurement 
may  he  increased  by  re-fitting  the  curve  more  carefully,  but  usually  the 
first  attempt  accuracy  is  more  than  enough  consideriat;  btiier  sources  of 
error, 

DISCUSSION 

The  general  similarity  of  FigSoC3  and  CIO  and  formulas  2  and  3 
indicates  that  for  comparable  ratios  the  difference  in  electron-; 

poaitive-ion  or  negative-positive-ion  plasma  double  probe  characteristic 
not  striking.  The  double  proba  is  much  more  a  detector  of  total  ion 
density  normalized  to  the  heaviest  species  and  highest  temperature  of 
opposite  sign  particles  which  determine  the  saturation  current* 

In  order  to  determine  whether  electrons  or  heavy  negative  ions 
are  involved  one  mUat  use  an  auxiliary  diagnostic.  This  could  be  the 
full  Langmuir  probe.  If  the  current  drain  is  unacceptable  or  no  fixed 
p3nsma  potential  current  be  established,,  a  conTenient  radio-wave  method 
suoh  as  microwave  transmission,  rescrsnce  or  stripline  resoname  may  b  e 
the  next  best  solution. 

If  the  double  probe  characteristics  do  not  fit  these  curves. 

The  likely  reasons  are  as  follows: 

(1)  Probes  too  close  and  hence  not  independent* 

(2)  Collisions  -  if  frequent,  diffusion  theory  must  be  used. 

(3)  Non-Uaxwellian  distribution. 

Of  these  (1)  euid  (2)  can  be  checked  by  rough  calculation  but  (3)  can  only 
be  determined  by  a  complete  single  probe  measurement  wliich  may  not  be 
possible . 

The  fact  that  normalized  curves  are  given  enables  one  to  decide 
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if  the  £>lope  fits  the  -theory  -  a  oonslstenoy  check  not  usually  available. 

To  sum  up:  The  ideal  oollisionless  Maxwellian  oylindrieal  double  probe 
eharao-teristics  for  two  plasmas  (Nt^,  e  ~(T  «  T  );  SP^^CT  *  T  )) 

have  been  given  together  with  a  prooedtire  for  determining  the  tei^perature 
and  nuaibar  densi-iy.  Some  limitations  have  been  indicated  idiieh  should 
be  explored  fxirther  in  any  fu-ture  work  on  -the  -topio. 
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LANGMUIR  PROBE  CHARACTERISTICS 


Rectified  cylindrical  Langmuir  probe  characteristics  for  the  Na  SFe  plasma. 


APPENDIX  D 

Speotrosooplc  Determination  of 
Plasma  Temperature a 


Using  the  electromagnetic  spectrum  to  deduce  the  t  miperatvire  in  a 
plasma  has  certain  advantages.  By  suitable  optical  means,  any  part  of  the 
plasma  may  be  investigated  without  disturbing  the  medium.  In  addition,  the 
measurement  can  give  direct  information  about  the  state  of  rotation,  vibration, 
and  translation  o..  the  molecules  involved;  that  is,  whether  certain  reactions 
may  be  occurring.  The  accuracy  of  the  result  depends  on  the  resblvlng  power 
of  the  instriunent  employed  and  the  assumption  that  the  molecule  is  in  thermal 
equilibrium  with  its  siurroundings. 

For  a  very  low  resolution  spectrum,  the  vibrational  temperature  may  be 
estimated  by  constructing  a  synthetic  spectrum  (Shemansky  &  Vallemce  Jones, 
1961)  for  a  given  temperature  and  matching  the  profil-?  "ith  the  observed  beuid 
shape.  Several  temperatiires  must  be  chosen  to  obtain  the  best  fit,  but  the 
acewaoy  is  limited  -  being  a  function  o  f  the  band  shape  and  the  signal-to- 
nolse. ratio  in  tne  observed  spectrum  -  and  the  process  is  very  tedious.  If 
access  to  a  large  high-speed  computer  is  available,  it  is  possible  to  build 
up  a  library  of  band  shapes  for  various  vibration  temperatures  of  molecules 
of  interest  for  fast  reference  on  a  routine  basis. 

The  synthetic  spectrum  is  constructed  in  the  following  manner.  The 
wavelength  of  the  various  lines  in  each  branch  of  the  band  are  either 
tabulated  or  calculated  from  the  term  values  for  the  state  of  the  moleculo. 

The  intensity  of  the  lines,  l(K')  is  given  by: 

l(K')  a  S(J)  exp  [  K>(K'-1)  ^  ]  (•■) 

where  the  line  strength  factor  S(j)  varies  with  the  branch  investigated. 
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P,  Q  or  R»  The  constant  of  proportionality  contains  the  wavenumber  a,  as 

Cf*  which  may  affect  the  calculations  if  tlse  band  is  widely  spread.  A 

plausible  temperature  is  assiuned  and  the  calculation  of  the  l(K' )  is  made* 

The  remaining  parameters  in  the  constant  of  proportionality  are  fixed  for 

a  given  band.  The  branches  are  plotted  to  the  same  scale  with  a  triangular 

cpectral-slit-width  function  for  a  spectrometer,  a  trapezoidal  function  for 

a  spectrograph,  or  a  function  for  the  spectral  slit  width  of  a 

Mlchelscn  interferometer.  The  branches  are  sunmed  to  give  the  band  change 

for  the  temperature  assumed  which  is  compared  with  the  observed  spectrtun, 

a  new  temperature  is  then  chosen  and  the  new  calculation  of  l(K')  commenced. 

o 

For  intermediate  resolution  spectra, of  the  order  of  1  A,  An  estimate 
of  the  rotational  temperature  cati  be  made  from  the  intensily  distrlbuii  m  of 
the  rotational  structure.  The  intensity  of  a  rotational  line  may  be  written 


as  (Petrie  1953) 

I 


oi>  s  e 


1.44  B« 
T 


K'(K'-»-1) 


(2) 


The  frequency  factor  v*  varies  very  little  within  a  bend,  s  is  the 
"line  strength"  factor,  B*  is  the  rotational  constant  of  the  upper  state,  K' 
is  the  rotational  quantum  number  and  T  the  temperature. 

At  the  intensity  maximum  of  the  band 


and  we  get  for  T 


dK' 


=  0 


T  «  1.44  B'(2K'-»-1)K' 


(3) 


Hence  by  identifying  the  rotationed  quantum  number  for  maximum 
intensity,  1’  can  be  calculated  provided  B*  is  known.  Also  from  equation  (2) 
we  find 

logio^J.)  =  const  -  -l^B'K*  (K'+1) 


This  shows  that 


a  plot  o/  logic 


against  K'(K'+1) 


will  give  a 
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straight  line  whose  slope  is  related  to  the  temperature  by 

T  - 

slope 


Hcnioe,  knowing  one  can  oedculate  T>  In  the  present  Investigation 
rotational  temperatures  of  the  nitrogen  discharge  and  its  pink  afterglow  were 
measured  using  the  rotational  sti'uctvxe  of  3914  ^  (0,0)  and  4278  t.  (0,1) 
bands  of  the  first  nega''ive  system.  A  sas^le  rotational  spectra  of  discharge 
soi)Tce  and  plots  of  logio^^,^  against  K'(K*+1)  are  shown  in  Section  III  for 
the  source  and  the  pink  cfter^uw.  Following  Shepherd  &  Huntep  (1953)  an 
intensity  oorreotion  was  made  due  to  the  fact  that  the  height  of  the  unres¬ 
olved  profile  at  any  wavelength  depends  both  on  the  intensity  and  the  line 
spacing  at  that  wavelength. 

Care  must  be  taken  to  be  certain  that  none  of  the  rotational  lines 


in  the  given  branch  are  contaminated  by  lines  from  another  branch.  If 
estimates  of  contamination  must  be  made,  the  accuracy  will  be  no  better  than 
that  obtained  from  the  vibrational  temperature.  If  rapid  measurement  of  the 
temperat'.ir^  is  desired,  an  electronic  system  may  be  built  using  either 
rotational  lines  or  intensities  in  the  band  (Hxaiton,  Rawson,  Wa?Jcer,  1963)* 
For  higher  resolution,  a  Fabry  Perot  initerferometer  may  bo  used  to 
determine  vhe  Doppler  shape  of  a  line  (Jacquinot,  I96O)  idiich  wijl  give  the 
actual  temperature  of  the  medium.  Only  an  extremely  narrow  bandwidth  is 
investigated  with  this  instrument. 


HBESRENCES  FOR  APPBNDK  D 


Herzberg,  G.  •>  Molecular  Spectra  and  Molecular  Structure  I.  Spectra 
of  Diatomic  Molecules.  1939  (D*  Van  Nostrand,  Princeton^  N.J.) 

Hunten,  D.,  Rawscn,  E.G.  &  Walker,  I*K.  -  Can.J.Phys.  238  (1963) 
Jacquirot,  P.  -  Rept.Progr.Phys.  2^,  269  (1960) 

Petrie,  W.  -  Rotational  Temperature  of  Auroral  Nitrogen  Bands. 

J.  Atniosp*.  Terr.Phys.  Vol.^  5  (1953) 

Shemansky,  D.  &  Vallence  Jones,  A.  -  J.  Atmosp  ,  TerrrPhys.  ^  166  (1961) 
Shepherd,  G.G.  &  Hunten,  D.M.  -  On  the  Measurement  of  Rotational 

Temperature  fk'om  Unresolved  Auroral  Nitrogen  Bands.  J.  Atmosp,  Tez*r. 
Pl\ys,  Vol.6  328  (1953). 


